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OF ll_iR QUAJ..ITY

This grant covers two ROSAT investigations. The first, "The BL Lac phenomenon: X-ray

observations of transition objects", is an ongoing program to study the X-ray properties of a

sample of radio galaxies which are thought to contain BL Lac-type nuclei: new observations

were proposed and approved under each ROSAT AO from AO2 onwards. The second,

"Determination of the X-ray spectra of a complete sample of flat-spectrum radio sources" is

a collaborative program with a group from the University of T(ibingen, Germany, where we

have successfully competed for ROSAT observing time out of the German time allocation

(AO1 through AO3) and Diana Worrall has assisted in planning the program and interpreting

the results. AO1 work for this second program was supported by NAG5-1724:A02 and A03

work is supported by the subject grant, NAG5-1882.

1 The BL lac phenomenon: X-ray Observations of transition

objects

The reporting period saw the acceptance for publication of our first refereed paper on results

from this project: "Multiple X-ray Emission Components in Low-Power Radio Galaxies",

by D.M. Worrall and M. Birkinshaw, which is to appear in the May 20th 1994 edition of

the Astrophysical Journal (see attached preprint). The paper includes spatial and spectral

results for 3 radio galaxies observed in AO2 and AO3 specifically for this program, and 3

sources observed as part of a separate ROSAT investigation. A major result is that we have

found that both resolved (thermal) and unresolved X-ray emission in a single radio galaxy

is typical, although the relative strength and size of the resolved component varies between

objects. The unresolved X-ray component correlates well with the core radio emission and

may be dominated by non-thermal emission associated with an inner radio jet. In response

to comments from the referee we inves.tigated the effects of using a flatter beta model in

fitting the resolved thermal emission.

During the reporting period we also began the analysis of ROSAT data for four more

radio galaxies observed during AO3 and AO4 as part of this program. Preliminary results

suggest, that the new data support our earlier conclusions. As we build up results from

a sufficiently large sample we will be able to test factors which influence the varied X-ray
emission we see.

Several conference presentations of results from the project were also made during the

reporting period. This included an oral presentation at the Washington DC AAS meeting,

January 1994. Conferences with written proceedings (preprints attached) are

• IAU Symposium 159, "AGN across the Electromagnetic Spectrum" Geneva, September
1993.

• Third annual conference on Astronomical Data Analysis Software and Systems, Vic-

toria BC, October 1993

• ROSAT Science Symposium, Maryland, November 1993

Analysis methods developed for this project were also applied to high-power radio galax-

ies in collaboration with colleagues from Caltech. During the reporting period a paper



. , _W

concerning the high-power radio galaxies was accepted for publication in the Astrophysical

Journal Letters and it appeared in the January 1st 1994 issue (see attached copy of Wor-

rail et al. paper). During a February 1994 visit of Diana Worrall and Mark Birkinshaw to

Caltech, ideas were formed for ROSAT AO5 observing proposals to extend this scientific

investigation.

2 Determination of the X-ray spectrum of a complete sample of

Flat-spectrum radio sources

This reporting period saw the submission (in December) and acceptance (in February) of

a refereed paper which reports the primary results from this project: "X-ray Spectra of

a Complete Sample of Extragalactic Core-dominated Radio Sources", by Brunner, Lamer,

Worrall, and Staubert, to appear in Astronomy and Astrophysics (copy attached).

The final preparation of the manuscript was assisted by meetings between Diana Worrall

and her University of Tfibingen collaborators at IAU Symposium 159 in Geneva (September)

and the ROSAT Science Symposium in Maryland (November). The referee's comments were

minor and our changes in response to them were discussed via electronic mail.

Primary results of the project are that core-dominated radio-loud quasars and BL Lac

objects differ in their average ROSAT X-ray spectral index, with the quasars showing the

flatter spectrum. The fact that the X-ray spectrum we find for the quasars is flatter than

that found for nearby quasars is most easily explained by the existence of soft X-ray emission

which is redshifted out of the ROSAT band for quasars at the more typical distances of

our sample sources. The results from our project are particularly timely in view of the

detection of many core-dominated radio sources (BL Lacs and quasars) in gamma-rays with

the EGRET detector on the Compton Gamma Ray Observatory. During the Summer and

Fall, pre-publication results from our work were provided to Steve Bloom, a Ph.D. candidate

from Boston University, for incorporation in his thesis on the multiwavelength (radio to

gamma-ray) emission of core-dominated radio sources.
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ABSTRACT

We report X-ray observations of the first six sources observed with ROSAT in our study of low-power
radio galaxies. Spatial and spectral measurements show that both resolved (thermal) and unresolved X-ray
emission in a single source are typical, although the relative strength and size of the resolved component
varies between objects. The unresolved X-ray component correlates well with the core radio emission and
may be dominated by non-thermal emission associated with an inner radio jet.

Subject headings: galaxies:active- X-rays:galaxies - radio continuum: galaxies - BL Lacertae objects

1. INTRODUCTION

Although the Emslein Observatory found that low-
power radio galaxies often emit X-rays (Feigelson &:
Berg 1983; Fabbiano et al. 1984), the dominant physical
process responsible for the radiation has remained unclear.

Studies of Cen A and M87 have indicated multiple X-ray
components (Schreier et al. 1979; Feigelson et al. 1981;
Schreier, Gorenstein &: Feigelson 1982; Biretta, Stern &
Harris 1991) including emission from the active nucleus,
jet radiation most likely of synchrotron origin, and diffuse
emission probably from hot gas which is now an established

constituent of X-ray luminous elliptical galaxies (Forman,
Jones & Tucker 1985). The integrated thermal emission
from the surrounding Virgo cluster confuses the X-
ray emission of M87 (Fabricant & Gorenstein 1983),
and for some other low-power radio galaxies a thermal
interpretation has been applied to all the X-ray emission
(Morganti et al. 1988; Feretti et al. 1990) particularly
where the source is resolved or there is known association
with a cluster. Correlations have been found between
the X-ray emission and both the core and extended radio

emission. However, rather than clarifying the situation,
these correlations have been used to argue both for a
thermal origin (Feigelson & Berg 1983) and a nuclear origin
(Fabbiano et al. 1984) for the X-ray emission in radio
galaxies.

In this paper we show that a qualitative improvement in
radio-galaxy X-ray research is afforded through ROSAT
observations. Spatial and spectral measurements show
that both resolved (thermal) and unresolved X-ray
emission in a single source are typical. For different
objects the relative strength of the emissions varies by
an order of magnitude, and the linear extent of the gas
by a larger factor. The unresolved X-ray component may
be dominated by non-thermal emission associated with an
inner radio jet.

2. X-RAY OBSERVATIONS _L ANALYSIS METHODS

We observed the radio galaxies listed in Table 1 in soft X-
rays, at the center of the telescope field of view, with the

ROSAT Position-Sensitive Proportional Counter (PSPC;
Trfimper 1983; Pfeffermann et al. 1987) during the pointed
phase of the mission. They are the first sources obserw_d
as part of two ongoing programs; one studies a subsample
of radio galaxies which Ulrich (1989) proposed are drawn
from the parent population of BL Lac objects, and the
other is a study of the emission ill and around low-power
radio galaxies with particularly prominent radio jets.

Table 1: Observations

Object Name z Date Expos-
B 1950 ure a (s)

NGC 315 0055+300 0.0165 1992 Jan 17-Feb 1 10,343
1992 Jul 19-21 17,869

NGC 326 0055+265 0.047 1992 Jul 24-29 20,969
4C 35.03 0206+355 0.0375 1992 Jnl 24-27 14,843
NGC 2484 0755+379 0.0413 1991 Oct 30-Nov 1 15,172
NGC 4261 1216+061 0.0073 1991 Dec 24-30 22,042
NGC 6251 1637+826 0.024 1991 Mar 13-16 14,830

a. Time used in analysis. In some cases intervals of high
background have been excluded.

The data we received had already been corrected fi)r
instrumental effects and motion of the satellite. For further
analysis we used the Post Reduction Off-line Software
(PROS; Worrall et al. 1992) and additional software which
we developed to convolve the energy-dependent PSPC
point response function (PRF; Hasinger et al. 1992) wilh
radially-symmetric spatial models. Ollly counts within the
energy band for which the PRF is well modeled (0.2 -
1.9 keV) are used in the analyses presented in tllis paper.
Some of the data were filtered to remove times of high
particle background, and, in some cases, regions around
one or more faint contaminating sources were excluded
from the analysis. We extracted a background-subtracted
radial profile about the maximum-likelihood centroid of
X-ray emission for each radio galaxy, and determined the
spectral distribution of the counts in the profile. The radial
profiles were typically extracted to a radius of 5'.7, wilh



backgroundfromanannulusof radii 3' to 5'.7 (see Fig. 1,
where dotted curves mark the background annuli). The
PSPC PRF (-,, 25" FWHM) is such that the analysis is
sensitive to resolved components with radii in the range 3-
60 kpc for the nearest galaxy, and 20-380 kpc for the most
distant one. NGC 326 is the only source to show obvious
asymmetric extended emission; the radial-profile analysis
is presented here only to provide a qualitative comparison
with the other sources. Its extension is largest towards the
NE; we have used only data between position angles 125 °
and 2900 in order to characterize the minimum extent of
the emission.

Best fits were determined for each radial profile to an
unresolved component, a j3 model which is appropriate for
gas in hydrostatic equilibrium (Cavaliere & Fusco-Femiano
1978; Sarazin 1986), and a combination of an unresolved
component and a _ model. Results in the tables are
for _ = 2/3, which is close to values fit for cluster gas
(see e.g., Sarazin 1986), whereas _ = 1/2 may be more
typical for gas confined within nearby elliptical galaxies
(Forman et al. 1985). Our choice is partly driven by the
fact that f_ _< 1/2 gives an infinite X-ray flux so that an
extra parameter (a cut-off radius) must be introduced into
the models. In the present work we have not attempted
to fit values of _ from the slope of the power-law region
of the model. Indeed, Figure 1 shows that only for the
two least extended sources is there any possibility of doing
this. Preliminary results give a preference for fl = 1/2 for
NGC 4261 and/? = 2/3 for NGC 315. For the other four
sources, the measured HWHM (half width half maximum)
of the resolved X-ray emission is independent of the value
assumed for 8. Since

HWHM (x 0_i(2_:r-_ - 1) ,

we find 0cx(/_ = 1/2) = 0.770e_(f_ = 2/3); this factor
can be applied to the values in Table 2 to calculate
0cx(/_ = 1/2) for the most extended sources. For small
X-ray extensions (NGC 4261 and NGC 315), a decreased

again suggests a smaller core radius, but the observations
are sensitive only to the power-law wings of the/_ model
and cannot constrain the core radius. The values in Table 2
should be treated as upper limits to 0or for NGC 4261 and
NGC 315 for values of/_ < 2/3.

The counts in each background region contain a
contribution from the outer part of the source emission.
For all cases except NGC 326 (see §6) the modeled source
emission in the background annulus is _< 8% of the counts
in that annulus. This is small compared with the statistical
errors in our radial profiles (see error bars in Fig. 1,
and note that for the source with the smallest errors,
NGC 4261, the contribution is 2%), and a correction for
this emission is made in our model fitting. Each spatial
model assumed an energy weighting which is the same as
that in the total radial profile.

Our spectral fitting uses the latest versions of the
PSPC response-matrix (no. 36) and effective-area (no. 2_6)
calibrations. Best fits were determined for each

observation to a power law, a thermal model (Raymond
& Smith 1977) with 100% cosmic abundances, and a
combination of the two.

Since ROSAT data currently have absolute positional
uncertainties as large as 10" over timescales of months

(MPE 1992), and to provide an indication of systematic
uncertainties in derived model-dependent quantities, we
have analyzed separately the two observations of NGC 315
which were 6 months apart (Table 1).

A Friedmann cosmological model with Ho = 50 km s-1
Mpc -1, qo = 0, is used throughout this paper.

3. RESULTS OF SPATIAL ANALYSIS

The minimum X 2 values for the three models fit to tile
radial profiles are given in Table 2. Only NGC 6251 fits
unresolved emission acceptably. In all cases a better fit
is obtained with an extended /_ model. However, the
addition of an unresolved component to the/_ model gives
a still smaller X 2 and is > 99% significant, according
to the F test, for all sources except NGC 315, for
which the /_ component is barely resolved (core radius
0c_ < 20") and component separation is difficult with
the PSPC. Figure 1 shows the radial profiles and best-
fit two-component models, and, like Table 2, is in order of
increasing intrinsic core-radius, r_x, of the/_-model.

To check that systematic errors in the aspect
determination have a negligible effect on our results, we
applied our analysis to two BL Lac objects and two
quasars spanning similar exposure times and net counts
to the radio galaxies; all fitted an unresolved component
and excluded the presence of additional resolved X-ray
emission of similar strength to that detected in the radio
galaxies. The strongest constraint on systematic errors is
provided by one of the quasars which has a longer exposure
(24 ks) than any of the radio galaxies, and has net counts
comparable to the median for the radio galaxies.

Table 2: Radial-profile Model Fits

Object Unresolved /%model /3+unresolved

component x2/dof 0'c" X,_/dof 0't'_ "c_
x2/dof kpc t'

NGC 4261 436/45 79/44 7 54.4/43 21 + 5 ,l
NGC 315 a 117/45 56/44 4 51.3/43 17+ II s

164/45 46/44 5 43.4/43 9-4- 5 4
4C35".(}3 325/16 36/15 25 8.2/14 70+ 15 72
NGC 6251 52/45 43/44 1 25.3/43 130 + 45 8S
NGC 2484 118/16 35/15 3 12.5/14 110+ 30 124
NGC 326 ¢ 2928/16 54/15 200 22.0/14 230 :t: 30 29,1

/_ = 2/3 assumed in all fits in this Table (see §2).
a. First and second exposures (Table 1) listed separately.
b. Fractional error same as in 0_. Errors are la.

c. X-ray emission very extended and not radially
symmetric. Results for this source should be taken Io
be qualitative rather than quantitative.

4. RESULTS OF SPECTRAL ANALYSIS

The same net counts which give the radial profiles of
Figure 1 are used for our spectral fitting. The presence
of a resolved X-ray component in or around each galaxy
suggests that at least some of the emission is 1herma].
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Figure 1. Background-subtracted X-ray radial profiles for radio galaxies in order of increasing intrinsic core-radius of the
/3 model. (a) NGC 4261, (b) NGC 315, second exposure, (c) 4C 35.03, (d) NGC 6251, (e) NGC 2484, and (f) NGC 326. In
all cases a combination of point source (narrow curve) and extended /3 model (broad curve) gives a better fit than eith,,r
component alone (Table 2). Tile dotted curve shows the contribution, taken into account in the fitting, of the model Io
the background annulus.



However, although the fits to a thermal spectrum are in
most cases acceptable, in all cases the fit to a power law is
better (Table 3). Since a power law is an unlikely model for
extended emission of group or cluster dimension, a model
which includes at least some thermal emission is suggested.
We find similar, improved, and acceptable fits for either a
combination of two temperatures or, as given in Table 3,
a thermal plus a power law.

For the thermal plus power-law fit, the gas temperatures
are similar for all sources except NGC 326, whose
spectral parameters are subject to additional systematic
uncertainty (see Table 3) and whose dominant resolved
emission is of cluster dimension and quite plausibly hotter
than 1 keV. When fit to two thermal components, most
of the emission from NGC 326 is still from a hot gas of
similar > 1 keV temperature, with the counts previously
in a soft power law being fit by very soft thermal emission.
When the other sources are fit to two thermal components,
one is on average about 0.2 keV cooler than that given in
Table 3; the other thermal component is generally more
poorly constrained and of temperature > 1 keV.

None of the two-component spectral fits or single-
temperature thermal fits requires absorption in excess
of that from our Galaxy as determined using Stark et
al. (1992). Only the unlikely single-component power law
requires excess absorption to produce the spectral decrease
which is measured in the lowest-energy channels; such

a decrease is an intrinsic feature of the low-temperature
thermal components.

5. COMPOSITE RESULTS

Our spatial analysis found unresolved emission in all

the galaxies, and additional resolved emission of galaxy
dimension in the two nearest. To assess the possible
contribution from the integrated emission of discrete X-
ray sources similar to those in spiral galaxies, we have
used the B T magnitudes from deVaucouleurs el al. (1991)
and extrapolated 0.2 - 3.5 keV X-ray luminosities of
components in our spectral fits for a comparison with
the X-ray and optical luminosity correlation for spiral
galaxies given in Figure 5 of Fabbiano, Gioia & Trinchieri
(1989). The X-ray luminosities of all the separate spectral
components for the radio galaxies lie at least an order
of magnitude above the corresponding X-ray luminosity
in the spiral-galaxy correlation, and are comparable
with or exceed 1034 W (the limiting X-ray luminosity
of spiral galaxies). This argument applies to separate
components in both the combined thermal fit and the

thermal plus power-law fit, and it leaves hot gas as the
most likely explanation for the bulk of the emissio,1 from

any component which fits a thermal spectrum.

Table 3: Spectral Model Fits

Object log Net cts Power Thermal Thermal + Power Law

NHG._ Law X2/dof x2/dof kT d a d log LTh LpL e

x2/dof keV N g .2-1.9 keV .2-1.9 k,'V
Hint

W W

NGC 4261 20.20 1890 4- 106 26.3/21 c 30.4/22 2.9/20 0.6(+0.1,-0.1) 0.7(+0.2,-0.2) < 20.6 1 × 1034 l × 1034

NGC 315 a 20.76 5285= 51 14.5/21 c 26.4/22 9.5/20 0.5(+0.2,-0.2) 0.9(+0.5,-0.9) < 21.7 4 × l0 a4 7 × l034

... 20.76 858+66 13.2/21 ¢ 30.6/22 10.6/20 0.6(+0.1,-0.2) 0.8(+0.4,-0.6) < 22.0 4 × l034 6 × l034

4C 35.03 20.77 305& 54 6.9/22 7.1/22 5.7/20 0.8(+0.8,-0.6) -0.5(+1.6,-1.5) < 22.4 6 × 1034 9 × l034

NGC 62515 20.74 15404- 78 10.3/21 ¢ 17.3/22 8.8/20 0.6(+0.3,-0.3) b 0.4(+0.2,-0.4) 5 < 21.9 8 × l034 3 × l0 a_

NGC 2484 20.70 5234- 67 5.1/21 c 12.3/22 5.2/20 0.7(+0.4,-0.5) 1.4(+0.5,-0.7) < 21.8 8 × 1034 4 × l035

NGC 326 r 20.74 14014-42 f 51.6/22 146.0/22 20.0/20 3.0(+1.6,-1.0) f 3.3(+0.6,-0.4) f < 20.4 7 × 10a5 9 × l0 a_

a. First and second exposures (Table 1) listed separately.

b. Consistent but better-constrained spectral results for a broader ROSAT energy band are given by Birkinshaw ,k" Worrall
(1993).

c. X 2 reduces by more than unity for inclusion of intrinsic absorption. For the other fits this is not true and w_. includ,.
only Galactic absorption.

d. Errors are la for one interesting parameter, allowing the other parameters to vary.
e. Assuming isotropic emission over 47r, but note that emission may be anisotropic.

f. Net counts adjusted roughly for large model contribution in background region. An additional systematic uncertainty
should be applied to the spectral parameters, which should not be used quantitatively (see §6).

g. 3a upper limits for one interesting parameter, allowing the other parameters to vary.



Althoughthe X-ray data alone do not rule out a
thermal origin for the entire X-ray emission that the
PSPC measures, there is a reason for considering this
unlikely. In the nearest two galaxies, all the emission under
discussion (including the hotter, > 1 keV, component) is
of galaxy dimension, and for NGC 6251 and NGC 2484
the hot spectral component must be related to the
unresolved spatial component (within the galaxy) since
these components dominate the counts in their respective
analyses. Gas capable of producing this hot spectral
component would be unlikely to be retained within the
potential wells of these galaxies: the temperatures are
more characteristic of the gas in a massive group of
galaxies. NGC 6251 provides the largest number of
counts and thus the best-constrained temperature for a
hot component. In Birkinshaw & Worrall (1993), we
have already presented these spectra in detail and argued
that, even taking into account the companion galaxies to
NGC 6251, there is no plausible site at which the hot
component in a two-temperature fit to the data can be

confined. From this and other self-consistency arguments
we are led to prefer a power-law plus thermal interpretation
for the source. NGC 326 is different from the other galaxies
presented here in that the resolved asymmetric emission is
of cluster dimension, so that a smaller X-ray contribution
from unresolved cooler gas is quite plausible.

Table 4: Percentage of Counts in Unresolved Power Law

Object Spatial Fitting a Spectral Fitting _

NGC 4261 51 4- 4 52 4- 6
NGC 315 b 61 4- 7 57 4- 9

414-5 544-7
4c 35.b3 294-6 524-15
NGC 6251 93 4- 5 78 4- 6
NCC2484 65+ 9 76+ 15
NGC 326 10 4- 2 25 4- 2

a. la statistical errors for best-fit model. Errors due to
uncertainties in the model parameters are not included.

b. First and second exposures (Table 1) listed separately.

Thermal plus power-law fits provide a natural
interpretation that the power-law is from the active core
of the galaxy, and the < 1 keV temperatures (Table 3) are
very reasonable for gas associated with an elliptical galaxy
or small group. To test this, Table 4 compares the fractions
of counts in the unresolved component derived from the

spatial fitting with the fraction of counts in the power law
from the spectral fitting. The agreement is particularly
good considering that the errors quoted are statistical only
and do not include uncertainties in the model parameters,
and the spatial analysis did not take into account the
different spectral distributions of the /3 model and the

unresolved component. The discrepancy is largest for
NGC 326, but this is not surprising given the inadequacies
of the current analysis for this obviously complex X-ray-
emitting region. NGC 6251 is noteworthy as the only
source where the spectral fitting gives significantly fewer
counts in the power law than the spatial fitting gives in
the unresolved emission. Birkinshaw &: Worrall (1993)
analyze the central emission in more detail and interpret
the unresolved component as non-thermal emission mixed

with a small amount of thermal emission from X-ray gas
in a cooling flow (cf §7: a longer cooling time is found for
the large-scale thermal component).

The remaining discussion will adopt the interpretation
of the X-rays from these galaxies as unresolved emission
with a predominantly power-law spectrum from the active
core of the galaxy combined with resolved emission from a
thermal gas. Meanwhile, we await approved observations
of four of these galaxies with the ROSAT HRI to search
for resolved components on spatial scales as small as -.. 5"
to test whether some fraction of the emission unresolved

with the PSPC might not instead arise from thermal ga_s.

6. NOTES ON INDIVIDUAL SOURCES

Further results for individual sources will be presented
in forthcoming papers. However, notes on two follow here:

NGC 4261: The 3a upper limit for intrinsic NH in the two-
component (power-law plus thermal) spectral fit is 4 x l0 "-'°
atoms cm -2. This is _ 10 times smaller than the value

inferred from CO absorption (Jaffe & McNamara 1993)
against the mm-emission from the nuclear radio source.
Such a large difference between the H2 absorbing column
and the inferred X-ray absorbing column is unexpected and
requires explanation. If a large fraction of the unresolved
X-ray emission from NGC 4261 originates from the same
region in the nucleus that produces the ram-wave emission,
then one possibility is that the mean X-ray and ram-wave
lines of sight to that emission differ. This couhl arise
because of extreme clumping in the molecular material if
the detailed X-ray and mm-wave structures of the nucleus
are different. Alternatively, the X-rays could emerge from
the nucleus along a hole in a dense molecular torus, and be
scattered towards the observer by circumnuclear plasma,
while the mm-wave radiation takes a direct path through
the torus: such a model has been used for NGC 10(;8
(Eivis & Lawrence 1988). Another possibility is that
the excitation temperature of the molecular gas and the
CO/H_ abundance might be substantially different from
those in our Galaxy, so that the H_ column ha.s been

overestimated. Finally, it is possible that the X-ray
spectrum of NGC 4261 contains a strong soft component
that is absorbed in our data by the H2 column implied by
the CO absorption -- but then the strength of that soft
component and the column density in H2 are required Io
be in coincidental balance. Further work on the X-ray and
radio data are needed to make progress in testing these
possibilities: optical spectropolarimetry of the nucleus of
the galaxy would also be helpful.

NGC 326: Obvious large-scale asymmetric X-ray emission
is found. The results presented here for this source are
qualitative only, since radial symmetry is not an adequate
spatial representation, and the spectral and spatial
analyses incorporated only approximate adjustments for
the large model contribution in the background region
(see §2). In view of this structure (to be discussed
elsewhere) the errors in Table 3 are likely to be grossly
underestimated.



7. THE THERMAL COMPONENT

Table 5 gives the mean cooling time for gas within rc_,
using equations 10 and 25 of Birkinshaw & Worrall (1993)
and the spatial and spectral parameters derived from our

two-component (power-law plus thermal) fits. Only for
NGC 4261 and NGC 315, where the hot gas is of galaxy
rather than cluster dimensions (see Table 2), is the cooling
time short enough that a cooling flow may have begun.
For NGC 6251 we have argued elsewhere (Birkinshaw &
Worrall 1993, and see §5) that the spectral results support
a small thermal contribution to the unresolved emission

and that this gas, which is in a cooling flow, provides
infalling energy which can power the active nucleus. It
remains possible for the other sources that some or all
of the unresolved emission is thermal and in a cooling
flow, and forthcoming ROSAT HRI observations will test
this possibility through improved spatial resolution (see
discussion in §5).

Table 5: Gas Cooling Time

Object tcoolwithin core radius(yr)b

NGC 4261 3.4 x 109
NGC 315 a 4.0 x 109

1.4 x 109
4C 35_63 5.2 x 10 '°

NGC 6251 1.0 x 1011
NGC 2484 9.8 x 101°
NGC 326 1.2 x 1011

a. First and second exposures (Table 1) listed separately.
b. Uncertainties indicated by the difference between

the two results for NGC 315. Weak dependence on
Hubble constant; tcool o¢ 1/V_o. Value should be
compared with the Hubble time, which is -,_ 2 x

10 l° (Ho/50 km s-lMpc-1) -1 yr for qo = O. Less than
,_ 25% decrease in tcool if/_ = 1/2 (rather than _ = 2/3
assumed here).

8. THE NON-THERMAL COMPONENT

Support for the non-thermal nature of most of the
unresolved X-ray emission is shown in Figure 2 where the
X-ray spectral luminosity of this component (from our
spectral analysis) is plotted against the spectral luminosity
of the radio core (see Table 6). Although NGC 326 is
shown, its X-ray spectral luminosity is highly uncertain
and is likely to be overestimated (see caption). The other
sources shown are consistent with proportionality between
the X-ray and radio emission, in support of a model where
the X-rays originate as non-thermal emission from the
inner regions of a parsec-scale radio jet.

The X-ray (power-law) spectral indices (Table 3) are not
well constrained, but are generally consistent with values
for BL Lac objects (Worrall & Wilkes 1990), the sources
proposed as low-power radio galaxies with relativistic radio
jets in the line of sight of the observer (e.g., Wardle, Moore
& Angel 1984). Our results are in qualitative agreement
with such a 'unified' model.
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Figure 2. 1 keV X-ray spectral luminosity for the power-
law component in the two-component spectral fit plotted
against 5 GHz radio-core spectral luminosity (see Table
6). The X-ray errors are la for one interesting parameter,
allowing the other parameters to vary. An additional large
systematic error should be applied to the derived X-ray
value for NGC 326 since the source is dominated by non-
radially symmetric extended emission (see §2) and the
unresolved component may contain substantial thermal
emission (see §5). The dotted line is of slope unity.

Table 6: Non-thermal Emission

Object SPL Score STot b Radio
(1 keV) (5 GHz) (5 GHz) Refs.

nJy mJy mJy

NGC 4261 1121
NGC 315 a 1071

971
4C 35".()3 39,

NGC 6251 3081
NGC 2484 84_
NGC 326 18_

+23, -22) 293 4200 1,6,7
+28, -33) 450 1050 2,6.7

+44,+24'-_) /^'" i()6 l'{J()0 3:(i:7

+44, -47) 850 1550 4
+25, -37) 190 1050 3,6,7
+12,-11) 8.6 600 5,6.7

a. First and second exposures (Table 1) listed separately.
b. _ 15% uncertainty
Refs.- 1: Birkinshaw & Davies 1993 - 2: Venturi et al. 1993

- 3: Giovannini, Feretti & Comoretto 1990 - 4: Jones
et al. 1986 - 5: Fomalont 1993 (private communication)
- 6: Becker, White & Edwards 1991 - 7: Gregory &
Condon 1991.

9. CONCLUSIONS

The ROSAT spectral and spatial results are self-
consistent in indicating that low-power radio galaxies emit
at least two components of X-rays. One component is
resolved. It can be modeled spatially with a /3 mo&,l,
and a thermal origin is also supported by spectra] fitting.
The hot gas is of a dimension ranging from galaxy size (for
NGC 4261 and NGC 315) to cluster size (for NGC 326).
Only the gas of galaxy scale cools fast enough that a
cooling flow may have begun.



ThesecondX-ray component is unresolved. It is likely to
be predominantly thermal in NGC 326, which differs from
the other sources in that the resolved emission is relatively
stronger, larger, and non-radially symmetric. For the other
sources, a proportionality between the unresolved X-ray
and core radio emission supports the dominant origin for
the unresolved X-ray emission as non-thermal radiation
from the inner regions of a parsec-scale radio jet. A
non-thermal origin for most of the unresolved emission in
NGC 6251 has already been argued on the basis of more
detailed work by Birkinshaw & Worrall (1993).

The sources studied show an order of magnitude range
in the relative strength of the unresolved and resolved
emission, and, since we are measuring components only
on angular sizes between 15" and 5', the linear sizes
of emission which can be resolved is influenced by the
galaxy redshifts. In the closest radio galaxies, NGC 4261
and NGC 315, low-level thermal emission of group or
cluster dimension becomes hard to measure because of its

relatively large angular size. Evidence for such emission
around NGC 4261 has been found by Davis et al. (1993),
perhaps explaining the small apparent excess over our
model profile at radii 2'-4' (fig. la). Conversely, gas
of galaxy dimension in the other sources would lie within

the PRF of the PSPC; however, an argument limiting this
to a small fraction of the core X-radiation in NGC 6251

has been presented by Birkinshaw & Worrall (1993) based
on detailed X-ray spectral analysis.

ROSAT has provided a major advance in radio-galaxy
X-ray research by showing that a mixture of resolved
(thermal) and unresolved emission is typical. This
situation appears to apply also to high-power radio
galaxies; Worrall et al. (1993) report similar findings in

the z = 1, high-power, radio galaxy 3C 280.
The measurement of multiple X-ray emission

components has implications for models in which BL Lac
objects are low-power radio galaxies with their parsec-
scale relativistic jets in the line of sight. Padovani & Urry
(1990) used Einstein Observatory data to construct X-ray
luminosity functions for BL Lac objects and radio galaxies
assuming that the intrinsic luminosity of the jet is some
fixed fraction of an unbeamed luminosity. Birkinshaw
& Worrall (1993) argued on the basis of results for
NGC 6251 that thermal X-ray emission may be the source
of the required unbeamed X-ray emission. However, the
current work would not appear to support this suggestion.
Table 3 shows that in every case the power-law luminosity
(assuming that the X-rays are radiated isotropically)
exceeds the thermal lumino6ity. Thus, by Padovani and
Urry's definition every object would be classed as a BL
Lac object rather than a radio galaxy, in violation of
the selection of objects used to construct the luminosity
functions. Consistency would appear to require part of
the measured unresolved X-ray emission to be unbeamed,
perhaps through a contribution from unresolved hot gas or
because of a velocity or collimation gradient in an X-ray-
emitting jet (Ghisellini & Maraschi 1989; Maraschi, Celotti
& Ghisellini 1992). Further discussion and more detailed
results for individual sources will be presented elsewhere.

We thank Walter Jaffe and Brian McNamara fi)r

transmitting pre-publication results on the neuiral gas in
NGC 4261, and Martin Elvis and the referee for comments

which improved the paper. Our work was funded by NASA
grants NAG5-1882 and NAG5-2312, and NASA contra,'t
NAS8-39073.
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NEW X-RAY RESULTS ON RADIO GALAXIES

D.M. WORRALL and M. BIRKINSHAW
Harvard-Smithsonian Center]or Astrophysics, Cambridge, MA 02138, U.S.A.

Abstract.

Prior to ROSAT, separation of X-ray components in radio galaxies has been limited to a
few well-known sources, e.g., M 87 and Cen A. Now, from ROSAT PSPC measurements of the

first six objects in our study of low-power radio galaxies, we find that both resolved (thermal)
and unresolved X-ray emission in a single source is typical (Worrall & Birkinshaw 1993; ApJ,
submitted). The angular size of, and fraction of luminosity in, the resolved X-ray emission varies
between objects. There is evidence to relate the unresolved X-ray emission with the inner radio jet.

Our joint X-ray spatial fits to unresolved and resolved emission (characterized

by a thermal/3 model) in the six radio galaxies are better than those to either

component alone. Spectral fits to two components (a two-temperature gas, or a

one-temperature gas plus a power law) are better than those to one component.

One source, NGC 326, is anomalous: its X-ray-emitting gas is very extended (of

cluster dimension) and asymmetric; more complex models are required here. Two

X-ray components characterize each of the other sources adequately, as shown by

the self-consistency of our spatial and spectral fits (Table 1).

The X-ray data alone do not determine whether the unresolved component is

thermal or non-thermal, although for NGC 6251, where the unresolved component

is dominant, we have used gas-confinement properties to argue for a non-thermal

origin (Birkinshaw _: Worrall 1993; ApJ, 412,568). A proportionality between the

X-ray power-law (from our two-component fit) and radio-core luminosity densities

(Fig. 1) further supports an origin for most of the unresolved X-ray emission as

non-thermal radiation from the inner regions of a parsec-scale radio jet.

Galaxy Spatial Fit _ Spectral Fit a

NGC 4261 51 ± 4 52 ± 6

NGC 315 b 61 ± 7 57 i 9

... 41±5 54±7

4C 35.03 29 ± 6 52 ± 15

NGC 6251 93 ± 5 78 ± 6

NGC 2484 65 ± 9 76 ± 15

NGC 326 10 ± 2 25 =t: 2

a. la statistical errors for best-fit model;
systematic errors in model parameters
not included.

b. Two PSPC exposures listed separately.
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Fig. 1. X-ray power-law and radio core luminos-

ity densities; correlation supports association of

the unresolved X-ray component with the inner

radio jet. (NGC 326 excluded; see text.)

Table 1

% counts in unresolved__/total (spatial

fit) _z power law/total (spectral fit)
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Analysis Techniques for a Multiwavelength Study of
Radio Galaxies

D.M. Worrall and M. Birkinshaw

Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138

Abstract.

Our multiwavelength study of radio galaxies requires the use of a

mixture of home-grown software and widely-used analysis packages. We
outline current procedures and provide an assessment directed at software
developers.

1. Introduction

Our study of radio galaxies combines X-ray, radio, and optical data to address
scientific objectives including: (a) Are the radio jets in pressure balance with an
external hot medium? (b) What is the rate of fuel supply to the active nuclei?
(c) What physical mechanisms produce the nuclear and jet emission?

Our current data-reduction, display, and analysis requires the use of IRAF,

AIPS, SM, MONGO, and home-grown FORTRAN programs, and simplifica-
tions are made in the analysis due to tile current limitations of the tools and
procedures. Work on the radio galaxy NGC 6251 is used to illustrate our current

methods, in the interest of stimulating discussion of improved analysis tools and

procedures. Scientific results can be found in Birkinshaw & Worrall (1993) and
Worrall & Birkinshaw (1994). Details concerning the software packages can 1)e
found elsewhere in this book and in volumes I and II of the series.

2. Comparison of X-ray, Radio, and Optical Images

We performed the basic reduction of our VLA radio data and ROSAT PSPC X-

ray data for NGC 6251 using the AIPS and IRAF/PROS systems, respectively.
We then transferred the X-ray image to AIPS (via FITS-format conversions) and
used the 'regrd' and 'hgeom' tasks to re-grid the radio image to match the header
of the X-ray image; this included precession between epochs B1950 and J2000.
The re-gridded radio image was transferred to IRAF and an overlay contour

plot (produced by the IRAF/PROS/imcontour task) of the radio image was
drawn on the X-ray image using IRAF. An SAOimage display of the result was

converted into a PostScript file using a Unix X-windows to PostScript conversion

procedure ('xwd' followed by 'xwd2ps'); the resulting plot is shown as Figure la.
The X-rays are only slightly resolved (see §3) and radially symmetric. No

X-ray emission is detected associated with the 4-arcmin radio jet. IRAF/PROS
tasks and home-grown IRAF scripts were run to quantify these statements.
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Figure 1. (a) Contour plot of 330 MHz VLA A-array reduced data
overlayed on ROSAT PSPC X-ray image. The X-rays are concentrated
at NGC 6251's core. (b) KPNO CCD red image of similar, but not
identical, spatial scale (0.59 arcsec/pixel).

Our KPNO CCD red image was analyzed using IRAF (Fig. lb). By chance,
the scale is similar to that of Figure la, and north points up on both figures;
celestial-coordinate-system parameters need adding to the optical image before

overlays are possible. Display and plotting used the same method as for Fig-
ure la. X-rays are not detected from the companion galaxy NGC 6252.

3. X-ray Extent and Multiwavelength Emission from the Radio Jet

The energy distribution and radial profile of the X-ray photons (Fig. la) were
extracted using IRAF/PROS. Home-grown FORTRAN software was used to fit

the radial profile to source models convolved with the energy-dependent radially-
symmetric ROSAT PSPC point response function (PRF; Fig. 2a), using the
technique described by Birkinshaw (1994). The best fit is to a point-source
(narrow curve) plus hot gas described by a hydrostatic B-model (broad curve).
The plot was made using the FORTRAN interface to the SM package which in
turn allows PostScript output easily.

The most prominent feature in the radio jet was modeled as synchrotron
emission, and model parameters were found by comparing the calculated multi-

wavelength spectrum with observations (including the X-ray upper limit). The
model fitting was achieved using home-grown FORTRAN software and the
MONGO plotting package (Fig. 2b); a similar fit for M 87 is shown for com-
parison.

4. Line of Sight Absorption and Galaxy Environment

An independent measure of the amount of X-ray absorbing gas along the line of
sight helps us to constrain our X-ray spectral-model fits. We mapped NGC 62.51

2
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Figure 2. (a) X-ray radial profile and best-fit PRF-convolved

two-component model. (b) Comparison of multiwavelength syn-
chrotron spectrum with observations for the most prominent feature
in NGC 6251's jet and for knot A of another radio galaxy, M 87.

with the VLA over a range of frequencies sensitive to HI absorption at velocities
associated with the radio galaxy and intervening material. The spectral channel
maps were analyzed using AIPS. It was then necessary for several hundred num-

bers to be typed in by hand and averaged for overlapping bins to produce an HI
spectrum (Fig. 3a). The absence of strong features in this spectrum limits the

amount of X-ray absorption and helps us to constrain our X-ray spectral-model
fits (not shown) which are accomplished using IRAF/PROS.

A catalog was searched for bright galaxies in the vicinity of NGC 6251.

These galaxies were plotted and labeled with velocities using SM (Fig. 3]));
this is a reference plot for us, not intended to be of publication quality. We
have MMT spectra (not shown) which we are analyzing with IRAF to measure
velocities for several galaxies in the field. The dispersion of these velocities

constrains the temperature of hot gas which can be associated with any galaxy
groups, and further helps us to determine the correct X-ray spectral model.

5. Assessment

Major packages are good at providing standard data reduction and cali-

bration routines. Transfer of images between these packages (e.g., IRAF
and AIPS) is easy and convenient via the FITS format.

All ground-based telescope systems need to make their best attempts at
attaching the celestial coordinate system to their images, as is already true
for radio interferometer and space-based systems. Re-gridding, mosaicing,
and correcting distortions are difficult problems affecting our abilit.v to
overlay images; more convenient software would help.
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Figure 3. (a) No strong HI absorption features are seen in the ra-

dio spectrum. (b) Positions and velocities (where available) of bright
nearby galaxies extracted from a catalog.

• The electronic preparation of papers and posters requires analysis packages
to produce publication-quaiity output graphics in encapsulated PostScript.
Switches should be provided for turning on and off information text within
or surrounding the plot (as in e.g., the 'imcontour' task in IRAF/PROS).

• Our scientific objectives require home-grown specialized science programs
which use results from the major packages.

- Since coding inside major packages requires substantial experience, it
is more convenient for us to write specialized code as external home-
grown routines; more provision of dummy tasks with places for user-

supplied analysis code (e.g., 'taffy' in AIPS) would encourage us to
develop code within major packages.

- Transfer of results (cf images) is inconvenient; we would like major
packages to provide results in ASCII files of user-definable format for

transfer to our specialized science code.

Acknowledgments. Support from NASA grant NAG5-1882 and contract
NAS8-39073 is gratefully acknowledged.
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ABSTRACT

One of ROSAT's major achievements has been its ability to separate X-ray
emission components in many radio galaxies, where this was previously possible
only for a very few well-known sources, e.g., M 87 and Cen A. The dominant X-
ray emission mechanism in radio galaxies as a class was unclear, with correlations

between the X-ray and radio emissions used on one hand to argue for a nuclear
origin for the X-rays, and on the other hand for a thermal origin. Now, with
ROSAT we find the presence of both resolved (thermal) and unresolved emission
to be typical.

Our results are illustrated with PSPC data from the first six radio galaxies
in our study. Spectral and spatial measurements independently support the pres-
ence of multiple emission components. The resolved emission can be modeled as

thermal radiation from gas of galaxy, group, or cluster dimension depending on
object. The unresolved emission may be thermal or non-thermal. Evidence is

presented to support a non-thermal origin for most of the unresolved emission:
for NGC 6251, where this component is dominant, gas-confinement properties

argue against a thermal origin; for the sample as a whole, a proportionality be-
tween the unresolved X-ray and the radio-core luminosity densities supports the
existence of non-thermal X-ray radiation from the inner regions of a parsec-scale
radio jet. Our results have implications for the unification of BL Lac objects
with low-power radio galaxies; part of the unresolved X-ray emission in the radio
galaxies is probably unbeamed.

1. X-ray Observations and Data Reduction

The radio galaxies listed in Table 1 are the first sources which were observed

during two of our programs: to study a subsample of radio galaxies which Ulrich
(1989) proposed are drawn from the parent population of BL Lac objects, and
to study the emission in and around low-power radio galaxies with prominent
radio jets.

For data reduction we used the Post Reduction Off-line Software {PROS;
Worrall et al. 1992) and additional software which we developed to convolve the

energy-dependent PSPC point response function (PRF; Hasinger et al. 1992)
with radially-symmetric spatial models. Only counts within the energy band for
which the PRF is well modeled (0.2 - 1.9 keV) are used. NGC 326 is the only
source to show obvious asymmetric extended emission; the analysis presented
here is for a pie-slice region where the source is least extended, and it is presented
only to provide a qualitative comparison with the other sources.

For each radial profile, best fits were determined to models consisting of an
unresolved component, a/3 model which is appropriate for gas in hydrostatic

To appear in the Proceedings of tile November 1993 ROSAT Science Symposium, Mary-
land. AIP Conference Proceedings.



Table 1: PSPC Observations

Object Name z Date Expos-
B1950 urea(s)

NGC 315 0055+300 0.0165 1992 Jan 17-Feb 1 10,343
1992 Jul 19-21 17,869

NGC 326 0055+265 0.047 1992 Jul 24-29 20,969
4C 35.03 0206+355 0.0375 1992 Jul 24-27 14,843
NGC 2484 0755+379 0.0413 1991 Oct 30-Nov 1 15,172
NGC 4261 1216+061 0.0073 1991 Dec 24-30 22,042
NGC 6251 1637+826 0.024 1991 Mar 13-16 14,830

a. Time used in analysis, excluding some intervals of high background.

equilibrium (e.g., Sarazin 1986), and a combination of an unresolved component
and a _ model. The combined fits (Fig. 1) give a significantly smaller value for

X 2 than a fit to either model alone in all cases except for NGC 315, for which
the _-model component is barely resolved. To check that systematic errors in

the aspect determination have a negligible effect on our results, we applied our
analysis to two BL Lac objects and two quasars spanning similar exposure times
and net counts to the radio galaxies; all fitted an unresolved component and
excluded the presence of additional resolved X-ray emission of similar strength
to that detected in the radio galaxies.

The same net counts which give the radial profiles of Figure 1 are used
for our spectral fitting. The presence of a resolved X-ray component suggests
at least some thermal emission, but for all sources the fits improve if either a
power-law model or a second thermal model is added. In either case, the per-
centage of counts in the unresolved component agrees well with that in one of
the spectral components, indicating self-consistency between our spectral and
spatial analyses; in the case of a power-law plus thermal spectral model, we are
required to identify the power law with the unresolved emission (as is physically
most reasonable) to get agreement (Fig. 2). The spectral fits to a power-law
plus thermal model give spectral energy indices of a .._ 0.8, but with large er-
rors, and the temperatures are tightly distributed about kT .., 0.7 keV (except
for the anomalous case of NGC 326). The power-law indices, although not well
constrained, are generally consistent with values for BL Lac objects (Worrall &
Wilkes 1990), the sources proposed as low-power radio galaxies with their rela-

tivistic jets pointed towards the observer. The fits to two thermal components
give one with kT < 1 keV and the other with kT > 1 keV.

2. The Nature of the Unresolved X-ray Emission

The X-ray data alone do not determine the nature of the unresolved com-

ponent, but the integrated emission of discrete X-ray sources similar to those in
spiral galaxies is unimportant; the X-ray luminosities of all the separate spec-
tral components for the radio galaxies lie at least an order of magnitude above
the X-ray/optical correlation for spiral galaxies of Fabbiano, Gioia & Trinchieri

(1989), and are comparable with or exceed 1034 W (the limiting X-ray luminos-
ity of spiral galaxies). The resolved emission is therefore certainly hot gas; the

measured scale-size associates it primarily with the galaxy for NGC 4261 (but
see indication for a larger scale-size excess in Fig. 1, and the paper by Mushotzky

2
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Figure 1: Background-subtracted X-ray radial profiles for the radio galaxies in

order of increasing intrinsic core-radius of the 13model. (a) NGC 4261, (b)NGC
315, second exposure, (c) 4C 35.03, (d) NGC 6251, (e) NGC 2484, and (ft NGC
326. Data are fit to a combination of an unresolved component (narrow curve)
and a/3 model (broad curve) convolved with the PSPC PRF. The dotted curve
shows the contribution, taken into account in the fitting, of the model to the
background annulus. (Figure taken from Worrall & Birkinshaw 1994.)



Figure 2: The fraction of counts in
the unresolved component from spa-
tial fitting agrees well with that in the 100

power law from the spectral fitting,
especially considering that these er- 80
rors do not include uncertainties in

=the model parameters and the spatial

analysis did not take into account the _. 80
different spectral distributions of the

model and the unresolved compo- "_: 40
nent. The discrepancy for NGC 326 is
not surprising given the inadequacies
of a radially-symmetrical analysis for zo
its complex emission region. The dis-
crepancy for NGC 6251 is discussed in 0
the text. 0
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in this volume) and NGC 315, with cluster gas for NGC 326, and with group
gas for the other sources.

The unresolved X-ray component is allowed either a thermal or non-thermal
origin from our X-ray analysis alone. However, for NGC 6251, which has the
brightest unresolved emission, a detailed analysis has shown that this inner

emission requires a small (,,_ 20%) contribution of cool (kT ,-, 0.5 keV) gas added
to either a power-law or a hot (kT 5 keV) thermal component (Birkinshaw &
Worrall 1993; but see also Birkinshaw & Worrall, this volume). The difficulty
in interpreting the dominant spectral contribution to the unresolved emission
as thermal is the high temperature; neither the stars in NGC 6251 nor the

surrounding galaxies display a sufficiently large velocity dispersion for ,,- 5 keV
gas to be hydrostatically confined. This points to the interpretation of the
unresolved X-ray component of NGC 6251 being --, 80% non-thermal and ,_ 20%
0.5 keV gas (lowering its position slightly in Fig. 2).

General support for the non-thermal nature of most of the unresolved X-ray
emission is shown in Figure 3 where the X-ray spectral luminosity of the fitted
power-law component is plotted against the spectral luminosity of the radio
core. Although NGC 326 is shown in the figure, its X-ray spectral luminosity
is highly uncertain and is likely to be overestimated (see caption). The other
sources shown are consistent with proportionality between their X-ray and radio
emissions, supporting a model where these X-rays are non-thermal emission from
the inner regions of a parsec-scale radio jet.

3. Implications for Unified Schemes

The measurement of multiple X-ray emission components has implications
for Unified Schemes in which BL Lac objects are low-power radio galaxies with
their parsec-scale relativistic jets pointed towards the observer. Padovani & Urry

1990) used Einstein Observatory data to construct X-ray luminosity functions
r BL Lac objects and radio galaxies assuming that the intrinsic luminosity of

the jet is some fixed fraction of an unbeamed luminosity. Birkinshaw & Wor-
rail (1993) argued on the basis of results for NGC 6251 that thermal emission

may be the source of the required unbeamed X-rays. In NGC 6251 the emis-
sion interpreted as non-thermal outshines the thermal emission by a factor of

4



Figure 3:1 keV X-ray spectral lu-

minosity for the power-law compo-
nent plotted against 5 GHz radio-core
spectral luminosity. X-ray errors are
la for one interesting parameter, al-

lowing the other parameters to vary.
An additional large systematic error
should be applied to the X-ray point
for NGC 326; this source is dominated

by no.n-radially symmetric extended
emission and the unresolved compo-
nent may contain substantial thermal

emission. The dotted line is of slope
unity. (Figure taken from Worrall _:
Birkinshaw 1994.)
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--_ 4, placing the source as 'transitional' between radio galaxies and BL Lac ob-
jects. The model parameters of Padovani &: Urry predict that for > 90% of the
radio-galaxy population the beamed emission should be < 30% of the unbeamed

emission, and for > 70% of the population the beamed percentage drops to
< 1%. Since we find that all the sources under study here (with the exception
of NGC 326) have a significant fraction of their emission unresolved on PSPC

scales, consistency appears to require much of the unresolved X-ray emission to
be unbeamed, perhaps through a contribution from hot gas or because of a veloc-
ity or collimation gradient in an X-ray-emitting jet (e.g., Ghisellini &: Maraschi
1989; Maraschi, Celotti & Ghisellini 1992). We await approved observations of

four of these galaxies with the ROSAT HRI to search for resolved components
on spatial scales as small as -,, 5" to test the fraction of the PSPC unresolved

emission which might arise from thermal gas.

Further details of this work can be found in Worrall & Birkinshaw (1994).
The work was funded by NASA grants NAG5-1882 and NAG5-2312, and NASA
contract NAS8-39073.
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ABSTRACT

ROSAT is the first mission to have detected X-ray emission in radio galaxies

which are both powerful (/iTs MHz > 1027 W Hz -1 sr -1) and distant (z > 0.4),
enabling tests of "unified schemes" through a comparison of the X-ray and radio
properties of powerful quasars and radio galaxies. These radio galaxies are faint
in X-rays, but, nevertheless, ROSAT is capable of resolving any associated X-
ray-emitting gas of cluster dimension.

We present ROSAT PSPC observations of two such radio galaxies and sug-
gest that there is a component of unresolved X-ray emission in powerful, high-
redshift radio galaxies which may be related to the radio core; this will be tested
by ROSAT observations of other powerful radio galaxies.

1. ROSAT PSPC Observations of two Radio Galaxies

We observed 3C 220.3 and 3C 280 with the ROSAT PSPC during the AO1
pointed phase of the mission (Table 1). 3C 220.3 was undetected. 3C 280 gives
714-12 net counts (0.2 - 1.9 keV). For absorption only by gas in our Galaxy, the
PSPC spectrum fits a power law with 0.5 < a < 2.0 and a 1 keV flux density of
1.7 4- 0.9 nJy. Some intrinsic absorption and a steeper power-law slope cannot
be excluded, although there are sufficient counts in the low-energy channels to

suggest that such absorption has a column density < 4 x 1021 atoms cm -2. A
Raymond-Smith thermal spectral model also agrees with the data; for Galactic
absorption only, any temperature > 0.4 keV is acceptable.

Table 1

Radio z log N_ ROR b Date Exposure

Galaxy Time (s)

3C 220.3 0.685 20.515 700072 1991 Feb 27 8,791

3C 280 0.998 20.086 700073 1991 Jun 2-3 48,051

a. Galactic values from Stark et al. (1992).
b. ROSAT Observation Request number

To appear in the Proceedings of the November 1993 ROSAT Science Symposium, Mary-

land. AIP Conference Proceedings.



2. X-ray Radial Profile of 3C 280

A point source alone gives a poor fit to the X-ray radial profile of 3C 280.
A thermal _ model (e.g., Sarazin 1986) gives a good fit, but the fit is improved
still further if the source is modeled with a combination of a point source and fl
model (Fig. 1). The evidence for unresolved emission is suggestive, rather than
compelling; moreover, the X-ray data do not distinguish between a thermal
or a non-thermal origin for the possible unresolved component. However, the

evidence for non-thermal X-rays from the nuclei of low-redshift radio galaxies

e.g., Fabbiano et al. 1984; Worrall _: Birkinshaw 1994) and radio-loud quasars
e.g., Worrall et al. 1987) leads us to consider seriously the possibility that

3C 280 also emits non-thermal X-radiation from its radio core.

-1

Figure 1: Background-subtracted
PSPC radial profile for 3C 280.

The best-fit model (upper curve),
shown convolved with the PRF •

and background subtracted for _ -3

comparison with the data, is a
combination of an unresolved _-

component (narrow curve) and _ -4
a _ model of core radius 65" for

= 2/3 (broad curve). The dot- -_ -5
ted line shows the contribution

of the model to the background
annulus. -6

\-F--_- -
_..._.--

\
t t J t i , _ I l I t t 1 i J t t J • _ _ ,

0.5 1 1.5 2 2.5

loglo(8/arcsec)

3. Radio Core-related X-rays in Quasars and Galaxies

In Figure 2 we compare the unresolved X-ray and core radio emissions for
the two radio galaxies with those of radio-loud quasars which both have similar

total (isotropic) power and were observed with the Einstein IPC (Wilkes et
al. 1994). The luminosity-luminosity and flux-flux plots are similar because the
sources lie in a relatively narrow band of redshift. The fraction, R, of 5 GHz
flux density in the core component of the quasars has a bimodal distribution,

in which core-dominated quasars with R > 0.5 (filled squares) can be clearly
distinguished from lobe-dominated quasars (open squares). From Figure 2 we
find:

(a.) A correlation between the core X-ray and radio emission in core-dominated
quasars.

(b.) 3C 280 lies on an extrapolation of the correlation.

(c.) Lobe-dominated quasars have X-ray emission in excess of the correlation.

The inference from point (a), that the X-rays from core-dominated quasars are

beamed, is supported by earlier work. Point (b) is most simply explained if
the same core X-ray to radio relationship holds for radio galaxies as for core-
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Figure 2: Core X-ray and radio flux densities for quasars (squares)
matched in isotropic radio power with the radio galaxies 3C 220.3 and
3C 280. A line of slope unity (dotted) connects 3C 280 with the core-
dominated quasars (filled squares), but not the lobe dominated quasars

(open squares). Luminosity-luminosity (left) and flux-flux (right) plots
are both presented to show that common-distance spreading has only
a minor influence on the luminosity-luminosity plot and is not respon-
sible for the correlation.

dominated quasars; this will be tested by ROSAT observations of other powerful
radio galaxies. Point (c) suggests that lobe-dominated quasars contain an addi-
tional source of X-ray emission, possibly related to the nuclear X-ray emission
in radio-quiet quasars. We infer that this compact X-ray component is ob-
scured in radio galaxies, and dominated by beamed emission from the jet in
core-dominated quasars. Further details of this work can be found in Worrall et

al. (1994).
This work was primarily funded by NASA grants NAG5-1706 and NAG5-

1882.

References

Fabbiano, G., Miller, L., Trinchieri, G., Longair, M. & Elvis, M. 1984, ApJ, 277,
115

Sarazin, C.L. 1986, Rev.Mod.Phys., 58, 1

Stark, A.A., Gammie, C.F., Wilson, R.W., Bally, J., Linke, R.A., Heiles, C. &
Hurwitz, M. 1992, ApJS, 79, 77

Wilkes, B.J., Tananbaum, H., Worrall, D.M., Avni, Y., Oey, M.S. & Flanagan.
J. 1993, ApJS, in press

Worrall, D.M. & Birkinshaw, M. 1994, ApJ, in press
Worrall, D.M., Giommi, P., Tananbaum, H. & Zamorani, G. 1987, ApJ, 313,

596

Worrall, D.M., Lawrence, C.R., Pearson, T.J. & Readhead, A.C.S. 1994, ApJ
(Letters), in press



THEAs'rRoPHvSlCAL JOURNAL,420: L 17-L20, 1994 January 1
C 1994. The Amcricsn Astronomical Sooety, Aft nights r_-rv_l. Printed in U.S.A

EXTENDED AND COMPACT X-RAY EMISSION IN POWERFUL RADIO GALAXIES

D. M. WORRALL

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138

AND

C. R. LAWRENCE, Z. J. PEARSON, AND A. C. S. READHEAD

Owens Valley Radio Observatory, 105-24, California Institute of Technology. Pasadena, CA 91125

Received 1993 Aprd 13; accepted 1993 October 13

ABSTRACT

We report ROSAT X-ray observations of two powerful radio galaxies. 3C 280 provides evidence for a mix-

ture of unresolved and extended emission, with the latter produced by hot plasma of insufficient pressure to

confine the radio lobes and insufficient density for a cooling flow to have begun. 3C 220.3 gives only an X-ray

upper limit, but one consistent with our interpretation of the X-ray emission from powerful radio-loud AGNs

in terms of obscured and unobscured components.

Subject headings: galaxies: active -- galaxies: individual (3C 220.3, 3C 280) -- radio continuum: galaxies --

X-rays: galaxies

1. INTRODUCTION

A major question in the study of powerful radio sources is

the extent to which they constitute a single population, with

their range of observed properties primarily due to orientation

effects caused by anisotropic emission and obscuration. Highly

anisotropic emission at many frequencies is an inevitable con-

sequence of the well-established presence of relativistic, self-

absorbed, synchrotron plasma, and "unified" schemes explain
the essential differences between core-dominated and lobe-

dominated quasars by a combination of relativistic beaming

and orientation. Such schemes also incorporate the unification

of quasars with galaxies of comparable isotropic radio power

(Readhead et al. 1978; Readhead 1980), in which anisotropic

obscuration hides the broad emission-line regions (Antonucci

1982; Scheuer 1987; Barthel 1989). The current work explores

the relationship between radio galaxies and quasars via com-

parisons of their X-ray and radio properties.

X-ray observations of quasars support relativistic beaming

through measurement of flux densities which are lower than
the predicted self-Compton emission of radio-emitting regions
at rest (e.g., Marscher et al. 1979). Correlations of the X-ray

emission with properties such as radio core strength, total iso-

tropic radio power, optical emission, and mixtures thereof,
have been claimed (Feigelson, Isobe, & Kembhavi 1984;

Browne & Murphy 1987; Worrall et al. 1987).

X-ray data for radio galaxies of comparably high isotropic

radio power to quasars are sparse. The powerful nearby galaxy

Cygnus A is dominated by X-ray emission from the cluster in

which the galaxy lies (Arnaud et al. 1984). Crawford & Fabian
(1993) were the first to report an X-ray detection of a powerful

radio galaxy at high redshift, 3C 356. The emission is extended

and, by analogy with Cygnus A, they interpret it as due to

cluster gas in a cooling flow. Separation of X-ray emission

components has been difficult in the past even for nearby low-

power radio galaxies (although ROSA T is now revealing that
both unresolved and extended [thermal] components are

typical [Worrail & Birkinshaw 1994]) and remains difficult for

high-redshift galaxies.
Here we report ROSA T X-ray observations of the powerful

high-redshift radio galaxies 3C 220.3 and 3C 280. 3C 280 is

detected and provides evidence for a mixture of unresolved and

extended X-ray emission. The ratio of X-ray to radio flux den-

sities in the unresolved core component of 3C 280 is compar-

able to that in core-dominated quasars of similar redshift and

extended radio power, suggesting that the unresolved X-ray

component is synchrotron or self-Compton emission from a.let

which is not highly obscured.

2. X-RAY DATA

We observed 3C 220.3 and 3C 280 in soft X-rays with the

ROSAT Position-Sensitive Proportional Counter (PSPC;

Triimper 1983; Pfeffermann et al. 1987) during the pointed

phase of the mission (Table 1). SASS versions 5-3 (3C 220.3)

and 5-4 (3C 280) were applied to the data to correct for instru-

mental effects and aspect. We performed additional analysis

using the Post Reduction Off-line Software (PROS; Worrall et

al. 1992). Conversion between observed count distribution and

source flux uses the latest versions of the PSPC response

matrix (No. 36) and effective area (No. 2-6). The PSPC point

response function (PRF) has been modeled using analytical

expressions for the on-axis scattering, focus, and intrinsic

detector resolution contributions as a function of energy,

applicable to the energy band 0.2-1.9 keV (spectral channels

6-29; Hasinger et ai. 1992).

3C 220.3 was undetected; using a background annulus of

radii 2'-5' (excluding a nearby X-ray source), the 3 e upper

limit for the emission (0.17-2.4 keV) is 0.0037 counts s-t. The

conversion to flux density is spectrally dependent. If we assume

the only absorption is in our Galaxy (Table 1), the 1 keV

flux-density limit lies between ,-, 5 and 12 nJy for a power-law

spectral energy index a, (S_ oc v-'), of 2.0-0.5. Later in this

paper (see Fig. 3 below) we have adopted a 3 a upper limit of 11

nJy, appropriate for a = 1.0.
We filtered the 3C 280 PSPC data to remove times of high

background which occurred on either side of some Earth

occultations, leaving an exposure of 46,619 s. 3C 280 was

detected with a significance of ~6 e. Inside a circle of radius

35", with background from an annulus of radii 3'-4'.3

(excluding two regions contaminated by other sources), 3C 280

gives 71 + 12 net counts (0.2-1.9 keV). The X-ray power, which
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TABLE 1

OBSE]_VATION$

Exposure
Time

Object z log N n" ROR b Date (s)

3C 220.3 ......... 0.685 20.515 700072 1991 Feb 27 8791

3C 280 .......... 0.998 20.086 700073 1991 Jun 2-3 48051

• Galactic values from Stark et al. 1992.

b ROSA T Observation Request number.

is weakly dependent on spectral shape, is ,,- 1.0 x 1036 W st- t.
(Friedmann cosmology with Ho = 50 km s- t Mix- l qo = 0,
is used throughout.)

The spectrum of 3C 280 is poorly determined. For absorp-
tion comparable to that in the line of sight in our Galaxy, the
spectrum agrees with a power law, with 0.5 < ,, < 2.0 and a
1 keV flux density of 1.7 + 0.9 nJy. Intrinsic absorption and
a steeper power-law slope cannot be excluded, although there
are sufficient counts in the low-energy channels to suggest that
such absorption is <4 x 10zt atoms cm -2. A Raymond &
Smith (1977) thermal model also agrees with the data. For
Galactic absorption, any temperature _0.4 keV is acceptable.

3. X-RAY SPATIAL EXTENT OF 3C 280

A maximum-likelihood centroid for the emission from
3C 280 was found using the PROS, and a background-
subtracted radial profile with nine radial bins was extracted for
energy range 0.2-1.9 keY (Fig. I). The background region is
described above, and the contribution of the source model in
the background annulus (significant for extended models) was
taken into account in our model fitting.

A point source alone gives a poor fit to the radial profile.
The PRF, modeled assuming an energy weighting which re-
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Fro. l.--IMckground-subtracted radial profile for 3C 280. The best-ill

model (upper curt, e), shown convolved with the PRF and background sub-
tracted for comparison with the data, is a combination of unresolved com-

ponem {narrow curve) and a _ model of core radius 65" (broad curve). The
dotted line shows the contribution of the model to the background annulus.

Vol.420

flects the apparent energies of the detected photons, gives a Z2
of 60 when compared with the radial profile.

A//model (Cavaliere & Fusco-Femiano 1978; Sarazin 1986)
with a core radius of 18"( + 13", - 10") and central brightness of
0.068 counts arcsec- 2 gives a good fit. We have assumed/_ = 3-
The fit is formally rather too good Of2 = 2.5 for 8 d.o.f.), sug-
gesting that the uncertainties in the background have been
overestimated, but the fit is improved still further if the source
is modeled with a combination of a point source and fl model.
The amount of improvement is such that the F-test gives a 5%
probability of such a large decrease in Zz by chance. The core
radius is now 65"(+165", -45"), the central brightness is
0.0074 counts arcsec-2, and the unresolved component con-
tains 60% of the net counts in the region for which the flux
density was determined. The improvement of the fit with two
components is insensitive to details of the binning.

A contour map of the X-ray emission from 3C 280 (Fig. 2)
shows a possible slight asymmetry. The peak of the map is 6"
to the east of the maximum-likelihood centroid: a radial profile
extracted with this new center is less smooth but gives qualit-
atively the same results as Figure 1. The radio lobes of 3C 280
extend only ~ 18", roughly along an EW line (McCarthy, van
Breugel, & Kapahi 1991; Liu, Pooley, & Riley 1992) and lie
well within the X-ray extent. It is interesting that Gunn et al.
(1981) have imaged optically two sources of comparable
brightness separated by ,--6" and which lie roughly along a
NE-SW line. The NE object has many narrow and slightly
broadened emission lines (Lawrence et al. 1994) and provides
the redshift for 3C 280. The SW object has not yet been
observed spectroscopically, and it would be of great interest to
determine if this is at the same redshift, since this would

support a cluster hypothesis, and hence the existence of cluster
gas, perhaps explaining the slight asymmetry in the X-ray
emission.

30 r .... I .... I ............
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+47021'00'
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FIG. 2.--X-ray contour plot of 3C 280. The image has been smoothed with

a Gaussian of o = 25", a beam size matching the circle of greatest detection

significance. Contours are of significance 2-5.5 a inclusive, in intervals of 0.5 o.
The edges of sources which have been excluded from the background region

show up to the NW and SW. The axes show J20(_ equatorial coordinates; an
error in absolute position of up to ~ 10" is possible due to a problem in
ROSAT's aspect determination (Max Planck Institut Fir Extratterrestriche

Physik 1992). i
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4. DISCUSSION

We have found evidence for both unresolved and extended
(and hence presumably thermal) X-ray emission in 3C 280. The
evidence for unresolved emission is suggestive, rather than
compelling; moreover, the X-ray data do not distinguish
between a thermal or a nonthermal origin for the possible
unresolved component. However, the evidence for nonthermal
X-rays from the nuclei of Iow-redshift radio galaxies (Fabbiano
et al. 1984; Readhead et al. 1983; Worrali & Birkinshaw 1994)
and from quasars (e.g., Worrall et ai. 1987) leads us to consider
seriously the possibility that 3C 280 also emits nonthermal
X-radiation from its nucleus. The alternative possibility, that
all the X-rays are thermal, has been considered by Crawford &
Fabian (1993) for 3C 356. We proceed on the assumption that
the unresolved component in 3C 280 is real and from the
nucleus.

Figure 3 compares the X-ray and radio-core flux densities of
3C 220.3 and 3C 280 with those of a carefully selected sample
of quasars chosen to have low-frequency (isotropic) radio lumi-
nosities within a factor of ~20 of the radio galaxies. The
quasar sample comprises all the quasars in the complete
Pearson-Readhead, Hough-Readhead, and Caltech-Jodrell
samples {Pearson & Readhead 1988; Hough & Readhead
1989; Wilkinson et al. 1993) with z > 0.3, and which were
targets of the Einstein Observatory IPC (but not necessarily
detected; Wilkes et al. 1994). The fraction, R, of 5 GHz flux

density in the core component has a bimodal distribution, in
which core-dominated quasars with R > 0.5 can be clearly dis-
tinguished from lobe-dominated quasars. For 3C 280 we plot
the X-ray emission in the unresolved component only, found
by multiplying the flux density from our spectral fitting (§ 2)
with the percentage of counts in the unresolved component
from our spatial fitting (errors are combined in quadrature).
Although we have only upper limits for the flux densities of the
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components of interest for 3C 220.3, they are consistent with
the interpretation of the emission of 3C 280 given below.

In Figure 3 it is clear that for 3C 280 both the compact radio
and the unresolved X-ray emission are about three orders of
magnitude weaker than in core-dominated quasars of com-
parable isotropic radio luminosity. (All the sources lie in a
relatively narrow band of redshift such that a plot in lumi-
nosity density looks similar.) The rough proportionality of
X-ray and radio core flux densities between 3C 280 and the
core-dominated quasars suggests that these emission com-
ponents are related, as would be expected were the X-rays due
to unobscured synchrotron emission or inverse Compton scat-
tering in the radio emission regions. The radio and X-ray flux
densities of the core-dominated quasars themselves are highly
correlated (the Spearman rank correlation coetticient is 0.732,
with a probability by chance of 0.0019), and seem to follow the
same rough proportionality, adding support to this conclusion.
For Iow-redshift {: < 0.3) radio galaxies, X-ray/core-radio
correlations have been used previously to argue the impor-
tance of nuclear X-ray emission (Fabbiano et al. 1984), and in
at least two galaxies. NGC 1275 and NGC 6251, evidence for
such X-ray emission being of inverse Compton origin has been
presented (Readhead et al. 1983; Birkinshaw & Worrall 1993).
Here, by analog)', we suggest that the unresolved X-ray emis-
sion of a powerful, hi#h-redshift radio galaxy may be related to
its radio core.

The departure of the lobe-dominated quasars from X-ray/
radio proportionality (Fig. 3) is evidence for an additional
X-ray emission component. Core-dominated sources are
believed to have bright cores because their jet emission,
enhanced by relativistic boosting toward the observer, swamps
all other emission "components. However, the X-ray emission
from radio-quiet quasars (usually interpreted as unboosted
compact emission from the vicinity of the inner part of an
accretion disk) is _ 50% as luminous as in lobe-dominated

quasars (e.g., Worrall et al. 1987). This implies that a significant
fraction of the X-ray emission in lobe-dominated quasars may
be compact and unboosted rather than jet-related. Figure 3
indicates that the compact emission is obscured (or perhaps
absent) in powerful radio galaxies. A fuller discussion of this
point will appear elsewhere.

The extended X-ray emission of 3C 280 has been modeled as
a thermal gas. Table 2 uses the X-ray parameters of § 3 and
equations (10), (1 I), {13), and {25) of Birkinshaw & Worrall
{1993) to derive the central density, the pressure at 10" from the
core {assuming the source is in the plane of the sky), and the
cooling time for gas within a core radius of the center. Only if
all the X-rays are from gas of low temperature (_<1 keV,
whereas kT -- 2-5 keV is expected from the X-ray luminosity
and temperature correlation for clusters; David et al. 1993) can
a cooling flow have begun, and in the preferred two-
component fit to the X-rays, the gas cooling time is greater
than the Hubble time for all likely gas temperatures. However,
only part of the unresolved X-ray emission need be thermal gas
for a cooling flow in the in,er regions to be accommodated.

Liu et al. (1992) have calculated the minimum-energy mag-
netic fields in the radio lobes of 3(-" 2t_O to be 4.5 and 6 nT,
assuming a filling factor of unity and cylindrical symmetry.
Using equation (1) of Miley {1980), this implies a minimum
energy density, umi,, in the stronger lobe ~ 3 x 10-st j m-3.
The corresponding minimum internal pressure of relativistic
material, _Um_,, is ~ I X 10- j_ N m- 2 higher than the pres-
sure provided by the ambient gas unless all the X-ray emission
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TABLE 2

GAS _c-rmus'ncs

Central Pressure 10" t_,
kT Density from Core within Core

Model (keV) (crn- a) (hl m- 2) Radius (yr)

ponly .......... ! 3.2 x 10 -3 8.8 x 10 -13 1.5 x 10 t°
5 3.5 x 10 -s 4.8 x 10 -12 3.0 × 10 t°

9 3.6 × l0 -3 8.8 x l0 -12 3.9 x 10 I°

fl and
unresolved .. 1 5.6 x 10 -4 2.0 × 10 -La 8.4 x 101°

5 6,1 × 10 -4 i.1 x 10 -12 1.7 × 1011
9 6.2 x 10 -4 2.0 × 10 -12 2.2 x 10 '1

in 3C 280 is from thermal gas of high temperature (E 9 keV;

Table 2). In the preferred two-component fit to the X-rays, the

gas pressure is insufficient to confine the lobes, as for some

low-redshift radio galaxies (Miller et al. 1985). Overpressure

inside the bow shock (e.g., Loken et al. 1992) may be required.

In summary, we find evidence for both unresolved and

thermal X-ray emission in the powerful radio galaxy 3C 280.

After comparing the unresolved X-ray and core radio emis-

sions with those of radio-loud quasars of similar total

(isotropic) power, we find (1) a correlation between the core

X-ray and radio emission in core-dominated quasars, (2)

3C 280 lies on an extrapolation of the correlation, and (3)

lobe-dominated quasars have X-ray emission in excess of the

correlation. The inference from point (1), that the X-rays from

core-dominated quasars are beamed, is supported by earlier

work. Point (2) is most simply explained if the same core X-ray

to radio relationship holds for radio galaxies as for core-

dominated quasars; this will be tested by X-ray observations of

other powerful radio galaxies. Point 3 suggests that lobe-

dominated quasars contain an additional source of X-ray emis-

sion, possibly related to the nuclear X-ray emission in

radio-quiet quasars. We infer that this compact X-ray com-

ponent is obscured in radio galaxies, and dominated by

beamed emission from the jet in core-dominated quasars.
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Abstract. We present ROSAT soft X-ray spectra for the mem-

bers of a complete sample of 13 core-dominated, fiat radio

spectrum sources. The sample comprises all radio sources

from a flux-limited radio catalog (.-qs_t_ > 1 Jy; Kiihr et

al. 1981) which are north of c5 = 70 °, at galactic latitudes

b > 10 °, and have a fiat radio spectrum between 1.4 and 5 GHz

(aT < 0.5; f _ v-°). The sources have already undergone

much study at radio and optical wavelengths and are classi-

fied in broad terms as quasars (8 sources) and BL Lac objects
(5 sources). We find mean X-ray power-law energy indices of

ax = 0.59+0.19 for the quasars and 1.36+0.27 for the BL Lac

objects (68 % confidence range for two parameters of interest

as determined by a maximum likelihood method), supporting

earlier Einstein Observatory results for heterogeneous samples

of sources (Worrall and Wilkes 1990). A non-zero dispersion

on az is found for both the quasars and the BL Lac objects.

The quasar X-ray spectra are harder than the interpolated

spectral index between the optical and X-ray bands, Ctox, and

they cluster tightly around < aoz - a_ >x 0.6. In contrast, the

BL Lac objects give < aoz - ar >- 0, but with a relatively

large dispersion (tr ,,. 0.5) which is similar tO that on a_. The

BL Lac objects separate into a group of three sources with

cr_ < 1.0 and two sources with az > 1.7.

When we incorporate published radio, mm, and optical mea-

surements and compare the X-ray and broad-band spectral indi-

ces a_, aTx, a,,,m,z, and ao_, the most obvious difference bet-

ween the quasar and BL Lac subsamples lies within the X-ray

band. We have fitted the multi-wavelength data to inhomoge-

neous synchrotron-self-Compton models and find that, for the

BL Lac objects with steep X-ray spectra, synchrotron emission

can account for the radio to soft X-ray measurements, whe-

reas the BL Lac objects with hard X-ray spectra and the qua-

sars require significant Compton emission to model the spectral

flattening indicated by az < oo_.

Key words: BL Lacertae objects - quasars - radio continuum

- X-rays

Send offprint requests to: H. Brurmer

1. Introduction

A link between the X-ray and the radio emission in radio-loud

quasars has long been established. Several authors (e.g., Kemb-

havi, Feigelson and Singh 1987; Worrall et al. 1987; Browne and

Murphy 1987) report correlations between the radio and X-ray

emissions in samples of quasars observed with the Einstein Ob-

servatory Imaging Proportional Counter (IPC), the dependence

being more pronounced in compact fiat radio spectrum quasars

than those with extended steep-spectrum components. The X-

ray spectral indices are also found to be linked with the radio

emission. Wilkes and Elvis (1987) were the first to report flatter

X-ray power-law indices for radio-loud than radio-quiet qua-

sars, and Canizares and White (1989) and Brunner et al. (1989)

found that fiat radio spectrum and steep radio spectrum quasars

have different X-ray slopes. A comparison of the mean X-ray

spectral index between core-dominated quasars and BL Lac ob-

jects revealed a striking difference between these two classes

also (Worrall and Wilkes 1990). Spectral surveys performed

with X-ray detectors sensitive in different energy ranges now

support (1) an increase in diversity of spectral index as one mo-

ves to lower X-ray energies (< 1 keV) and (2) a general trend

of spectral steepening below 1 keV for quasars (e.g., with Ein-
stein IPC: Masnou et al. 1992; EXOSAT: Comastri et al. 1992;

Ginga: Williams et al. 1992; ROSAT PSPC: Brunner et al. 1991

and 1992, Walter and Fink 1993, Brinkmann et al. 1993).

The correlation between the radio and X-ray emission can

be understood in terms of different X-ray components being

related to different parts of the compact and possibly also to

the extended radio emission, their relative strength being go-
verned by effects of relativistic beaming and inclination (e.g.

Browne and Murphy 1987). For both core-dominated quasars

and BL Lac objects, the link between X-ray and radio emis-

sion is most often discussed in the framework of relativistically

beamed plasma jet models. The radio to soft X-ray continuum

is then relativistically beamed synchrotron radiation, where, to

first approximation, either a homogeneous synchrotron source
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is assumed, or the magnetic field strength and the electron den-

sity are parameterized as powers of the radial distance along
the jet axis. Lorentz factors of the bulk relativistic motion are

thought to be in the range from 1 to -,- 10, with some evidence

that the X-ray radiation in its entirety is less beamed than the

radio emission. Beaming factors of BL Lac objects are thought
to be somewhat lower and more widely scattered than those of

core-dominated quasars (Ghisellini et al. 1993).

The observed difference in X-ray power-law spectral index

between core-dominated quasars and BL Lac objects may be

due in part to the different distributions of redshift and beaming

factor of the two classes, with different physical components

(e.g., Compton vs. synchrotron) dominating in each case. The

spectral steepening and increased dispersion in spectral index

towards low X-ray energies can be accommodated in this picture

by assuming that the steep component at low X-ray energies
is due to synchrotron emission, and that the hard component

is from Compton scattering which sets in at different energies

depending on redshift, beaming factor, and perhaps other source

characteristics. Further discussion of this model appears later
in this paper.

The study presented here is unique in that for the first time

results are obtained for a complete, flux-limited sample of core-

dominated radio sources, with sufficient integration time to de-

termine X-ray spectra. Our sample is a complete subset of !3

sources from the $5 radio sample (see below), and, as such,
a wide range of dam from other spectral bands is available,

including VLBI coverage for all sample members (e.g. Eckart
et al. 1987, Witzel et at. 1988, Chini et al. 1988, Pearson and

Readhead 1988). We present the ROSAT PSPC spectral data

for each source (section 3) as well as a re-analysis of data ob-

tained with the Einstein Observatory (section 4) and EXOSAT

(section 5) for some of the sample members. The mean spec-

tral characteristics of the quasar and BL Lac subsamples are

determined (section 7) and discussed both in conjunction with

the available broad-band spectral data (section 8) and with X-

ray results obtained earlier for incomplete samples of quasars
and BL Lac objects (section 9). We interpret the X-ray and

broad-band data in the context of symmetric and inhomogene-

ous synchrotron self-Compton models (section 10): Beaming

factors and jet-model parameters are presented.

2. Description of the sample

The $5 sample consists of all radio sources north of decli-

nation 6 = 70 °, with galactic latitudes > 10°, and which are

brighter than 1 Jy at 5 GHz (Kiihr et al. 1981). It is the nor-

thernmost section of the Strong Source (S) Surveys undertaken

by NRAO and MPIfR at frequencies of 1.4 and 5 GHz. Here we

present ROSAT X-ray spectra for the complete subset of 13 fiat

radio spectrum sources with ar < 0.5 (f ",- u -a) from the $5

sample. The sources have already been widely studied at radio

and optical wavelengths and they have been classified in broad

terms as quasars (8 sources) and BL Lac objects (5 sources). 8

of the 13 sources have a 5 GHz flux density > 1.3 Jy and are

also in the Pearson and Readhead (1988) VLBI survey. Table 1

Table 1. Type and redshift of sample members

target type redshifl
QMasars

0016+731 Q (3) 1.781 (1)
0153+744 Q(3) 2.338 (1)
0212+735 Q(3) 2.367 (1)
0615+820 Q (4) 0.71 (3)
0836+710 Q (3) 2.17 (4)
1039+811 Q (4) 1.26 (3)
1150+812 Q(4) 1.25 (3)
1928+738 Q (3) 0.302 (1)
BL Lacs

0454+844 BL (2) 0.112 (5)
0716+714 BL(2) > 0.3 (6)
1749+701 BL(2) 0.770 (2)
1803+784 BL(2) 0.6797(7)
2007+777 BL(2) 0.342 (2)

1: Lawrence et al. 1986 2: Stickel et al. 1989 3: Eckart et al. 1986

4: Hewitt and Burbidge 1987 5: Lawrence 1992 6: Wagner et al.
1990 and Wagner 1993 7: Pearson and Readhead 1988 and Lawrence
1992

gives redshifts. Table 9, later, gives visual magnitudes and total

radio flux densities. A comparison with VLBI flux densities,
Table 12, shows that all the sources are core-dominated with

> 40% of their flux density at 5 GHz within a parsec-scale

emission region. A summary of source properties follows (ta-

ken from Witzel et al. (1988) where not mentioned otherwise):

0016+731: The source has a very compact VLBI structure.

A single component contains 100 % of flux density at 18
cm. Eckart et at. (1987) find indications that the source is

increasingly resolved at higher frequencies.
0153+744: This source has a double VLBI structure with weak

optically-thin emission observed in a curved structure bet-

ween the components (Hummel et at. 1988). Upper limits
to the proper motion show the source to be subluminal for

H0 = 100kin s -l Mpc -a (Table 11). It is the only sample

member for which the 5 GHz to 230 GHz spectral index is

steeper than 0.4 (Chini et al. 1988).

0212+735: The source displays a core-jet VLBI structure with

measured superluminal motion. The optical emission lines

are relatively weak and variable and the optical polariza-

tion is relatively high and also variable (Biermann et at.

1981, Impey et at. 1991). The source is classified as one of

two HPQ/OVVs (with 0836+710) among the quasars which

otherwise have low optical polarization (except 0615+832,

1039+811, and 1150+812 for which no polarization measu-
rements are available). When the source was first observed

optically, no emission lines were seen (Krichbaum 1992).

This may be an example of a source which is classified as

either a BL Lac or a quasar depending on when it is viewed.

Note that for this source, two different X-ray spectral shapes

have been observed (see below).
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Table 2. Log of ROSAT PSPC observations

target ROR" observation livetime off axY source counts

number date [ks] [arcmin] 0.1-2.4 keV
Quasars

0016+731 700494 Mar 11/12 92 6.01 0.20 54 5:9
0153+744 700138 Mar 16/18 91 2.94 0.22 30 5:7

700138 Mar 11 92 4.93 0.22 59 + 8
0153+744 700495 Mar 11 92 8.29 17.93 50 + 7
0212+735 700139 Feb 16/18 91 7.21 0.31 308 5:18
0615+820 700492 Feb 22/23 93 7.40 0.05 79 5:9

0615+820 701060 Mar 11 93 3.92 0.05 64 + 10
0836+710 700493 Mar 23/26 92 6.99 0.14 5365 5:75
0836+710 701061 Nov 2/3 92 5.03 0.23 1904 + 44
1039+811 700141 Mar 17/18 91 6.57 0.17 500 + 32

1150+812 700496 Apt 8 92/ 2.93 0.19 58 5:9
1150+812 700496 May 7/1092 5.65 0.19 172 + 14
1150+812 701059 Oct 29/30 92 9.50 0.36 241 + 17
1928+738 700142 Mar 14/15 91 8.45 0.09 2314 5:48
BL Lacs

0454+844 700140 Apr 4/6 91 3.36 . c _
0454+844 701058 Sept 25/26 92 8.05 0.38 36 + 6

701058 Aug 17/18, 93 6.81 0.35 27 ± 5
0716+714 700210 Mar 8/11 91 21.04 0.09 16236+ 128

1749+701 RASS d Sep 27/28 90 10.5 410
1803+784 700497 Apr 7 92 6.91 0.36 539 + 24
2007+777 700498 Dec 11/129i 5.37 5.62 227 5:16

700498 May 1792 4.16 5.74 216-4- 15

ROSAT observation request number.
b -

Angular dastance of source centrold from telescope axis.
' Source not detected.

d ROSAT All-Sky Survey.

0454+844: Compact VLBI structure. Superluminal motion has

been measured. Source is declining in radio flux density, and

values in this paper may overestimate the radio strength at
the time of the ROSAT measurement.

0615+820: Very compact VLBI source with upper limit to su-
perluminal motion.

0716+714: Very compact VLBI structure with upper limit to
the superluminal motion. This is one of the two most intere-

sting sources for intraday variability (IDV; with 0917+62;

Krichbaum et al. 1992). Unlike 0917+62. a quasar, the radio

strength and polarization variations are _on'elated (Wegner

et al. 1993). This source exhibited the best example of cor-

related radio and optical variability in February 1990 (Quir-
renbach et al. 1991), arguing against an extrinsic cause for
the variability. The ROSAT observation, which was between

optical flares, shows high-amplitude variability whose rela-

tion to the radio variability is unclear (Witzel et al. 1993;

Wagner et al. 1993). Gamma-ray emission has been detected

with EGRET (Michelson et al. 1992).

0836+710: The source shows a one-sided VLBI jet with su-

perluminal motion and stationary components. There is a

co-aligned one-sided arcsec jet (O'Dea et al. 1991). An op-
tical flare and optical polarization has been observed and the

source is classifed as an HPQ/OVV (yon Linde et al. 1993,

Wagner 1994). Gamma-ray emission has been detected with

EGRET (Thompson et al. 1993). Note that 0836+710 and

0716+714, the two sample members from which Gamma-
ray emission has been detected, have flatter overall multi-

wavelength spectra (ar_ < 0.8; see Tab. 9) than any of the

other sample members. 0836+710 also displays the flattest

X-ray spectrum (see below).

1039+811: The source displays a compact VLBI structure. An

upper limit to superluminal motion is reported.
1150+812: The source has a compact structure with measured

superluminal motion. Many instances of IDV have been

observed (Krichbaum et al. 1992).

1749+701: This is a compact VLBI source with superluminal

motions measured. It was the first observed good case of
IDV (Heeschen et al. 1987).

1803+784: For this compact VLBI source, superluminal mo-

tion and stationary components are reported. IDV is obser-
ved.

1928+738: Compact VLBI source with superluminal motion.

The source may be located in a cluster of galaxies (Wagner
1993), perhaps indicating multiple X-ray emission com-

ponents and accounting for the relatively poor fit of the



4 H. Brunner et ai.: X-ray Spectra of a Complete Sample of Extragalactic Core-dominated Radio Sources

X-ray data to a single power-law with Galactic absorption

(see Fig. I).

2007+777: Compact VLBI source with superluminal motion.

IDV is reported by Krichbaum et al. (1992).

3. ROSAT measurements

3.1. Observations and analysis methods

The 13 sample sources have been measured with the ROSAT

PSPC. Eleven were observed by us for this project during the

A01 through A03 pointed phases of the mission. Integration
times were from 6 to 18 ks, and between --, 50 and -,- 5000 net

counts per target were obtained. Of the remaining two targets,

0716+714 was observed for 21 ks as part of a separate program
(Witzel et al. 1993); although the source is included in our

analysis of sample properties, detailed results are presented

elsewhere (Wagner et al. 1993). 1749+70] is located close to

the ecliptic pole and thus has a total integration time of 10.5

ks in the ROSAT All-Sky Survey (RASS; Voges 1992). The
spectral results have been reported by Fink et al. (1992) and

are included in our analysis. The weakest source in our sample,

0454+844, was found to be only 48" away from a relatively

bright X-ray source (,-- 5 x count rate of target). We therefore

suspect that previous reports of X-ray emission from 0454+844
may be due to a mis-identification.

The ROSAT data-analysis was performed using the EXSAS

software (EXtended Scientific Analysis System; export version

January 93; Zimmermann et al. 1993). Source counts were gene-

rally extracted from a circle of radius 100", and the background
was determined from an annulus with inner and outer radii of

150" and 200", respectively. Due to the low detector back-

ground of the ROSAT PSPC (total background -,- 10 counts per

source area per 8 ks) the spectral results are relatively insensitive

to the size of the on-source and background areas. Corrections

for telescope vignetting, dead time, and incomplete coverage

of the point spread function were applied using the EXSAS

correction package. The spectra were fit over the energy range

0.10 to 2.4 keV. The data were binned so that the significance

of each spectral bin was 90" for the brighter sources and 50" for

the weaker sources. Uncorrected background-subtracted counts

(0.1 - 2.4 keV) are given in Table 2.

We have tested whether our data might be affected by ghost

images (deviations from the model point spread function re-
sulting from the low number of secondary electrons within the

PSPC for photon energies < 0.2 keV) by extracting the source

counts from areas of varying size; we do not find any signi-

ficant change of the resulting best-fit spectral parameters and

conclude that our data are largely unaffected by this problem.

This may in part be attributed to the fact that, for several sample

members, the line of sight absorption due to hydrogen column

density within our galaxy is sufficient to absorb much of the
flux below 0.2 keV.

3.2. Variability analysis

Except for 071 6+716, none of the sources exhibits a significant
difference in mean flux between the first and second halves of

the pointed observations. Table 3 (last column) lists the upper

limits (30") for this test.

We have also performed a X z test for variability of sour-

ces with sufficient counts, using the bin-widths given in Ta-

ble 3. Only 0716+714 shows significant variability (Witzel et

al. 1993), which is discussed in detail elsewhere (wagner et al.
1993).

We have compared the net count rates between individual
observations where detections from more than one observation

(RASS or pointed) were available (see Table 4). The RASS

counting rates used the output from the first analysis of the sur-
vey data with the Standard Analysis Software System (SASS,

Voges 1992; see also Brunner et al. 1992). We find no signi-

ficant variability (> 30.) between observations except for the

following two sources:

Table 3. X2 values and upper limits for variability amplitudes (ROSAT
pointed observations)

target bin width [s] red. X 2 (d.o.f.) amplitude* [%]
Quasars
0016+731 < 138 %
0153+744 b < 242 %
0153+744 _ < 81%

0212+735 300 1.23 (20) < 41%
0615+820 d < 102 %
0615+820 c < 120 %
0836+710 f 100 1.03 (59) < 9 %

0836+710 _ 100 1.23 (47) < 15 %
1039+811 300 1.06(19) < 31%
1150+812 h 400 1.25(12) < 59%
1150+812 _ 400 1.47 (16) < 48 %
1928+738 200 1.06 (37) < 13 %
BL Lacs

0454+844 _' < 200 %
0454+8441 < 273 %

0716+714 50 55.2 (405) _m
1803+784 400 1.70 (11) < 30 %
2007+777 200 1.27 (41) < 33 %

• 3 cr upper limit for the amount of variability between the first and
second half of the observation.
I,March 91 c March 92 d Feb. 93 " March 93 f March 92 I Nov. 92

hMay 92 i Oct. 92 k Sept 92 I Aug. 93
m Data are sensitive to variability of > 5% which has been detected
OVitzel et al. 1993).

0716+714: In the pointed observation the source was brighter

by a factor of three, on average, than during the RASS
observation.

0836+710: The ROSAT counting rate decreased by a factor of

two between March 26, 1992 and Nov. 2, 1992. A similar
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Table 4. Source count rates (0.07-2.4 keY) in pointed (P) and sur-
vey (S) observations (corrected for telescope vignetting; taken from
maximum-likelihood analysis of SASS). Sources only detected in one
(either survey or pointing) observation are not listed.

target P/S date of obs. count rate [cts/s]
Quasars

0153+744 P March 16/18 91 0.0082 + 0.0017
P March 11 92 0.0095 + 0.0018

0212+735 S Aug. 16 90 0.046 4- 0.017
P Feb. 16/18 91 0.043 4- 0.002

0615+820 P Feb. 22/23 93 0.017 4- 0.001
P Mar 11 93 0.0144-0.002

0836+710 S Oct. 1 90 0.802 + 0.053
P March 23/26 92 0.755 -4-0.011

P Nov. 2/3 92 0.379 + 0.009
1039+811 S Oct. 1 90 0.0704-0.012

P March 17/18 91 0.076 4- 0.004

1150+812 P Apr 8 92 / 0.020 4- 0.003
P May 7/10 92 0.030 4- 0.002
P Oct. 29/30 92 0.025 -4-0.002

BL Lacs

0454+844 P Sep. 25/26 92 0.0052 4- 0.0009
P Aug. 17/18 93 0.0050 ::k0.0009

0716÷714 S Sept. 22 90 0.276 4- 0.031
P Mar. 8/11 91 0.772 + 0.006

1803+784 S Sept. 11 90 0.065-I-0.011
P April 7 92 0.078 4- 0.004

1928+738 S Aug. 5 90 0.255 4- 0.013
P March 14/15 91 0.277 4- 0.006

2007+777 S Aug. 14 90 0.034 4- 0.009
P Dec 11/1291 0.0424-0.003
P May 1792 0.0524-0.004

decrease in optical flux was seen in almost simultaneous

measurements (Wagner 1993). Earlier, in Oct. 1990, the

RASS observed an X-ray flux similar to the (higher) value
of March 1992. Both the EGRET observation (Jan. 1992;

Thompson et al. 1993) and an optical flare (Feb. 16, 1992;

von Linde et al. 1993) took place within two months of

the March 1992 ROSAT observation. Optical polarization

was observed at the time of the optical flare (Wagner 1994)

while only marginal polarization was found in a previous
measurement (Impey et al. 1991).

Power-law spectral index variability will be discussed in the
next section.

3.3. Spectral analysis

Power-law spectral fits with absorption represented by the

Galactic column density of N H (Stark et al. 1992) are accep-
table for most of the observations. For those sources where a

sufficient number of counts (> 400) was collected, we have also

performed power-law fits with N H as a free parameter. Results
for all sample members are given in Table 5, and error contour

plots for cases where N H was a free parameter are shown in

Fig. 1. Note that in two cases (0454+844 and 1150+812) indivi-

dual observations were combined to yield the required number

of counts for performing meaningful spectral fits.

In the case of 0716+714, fits using the latest available ver-

sion of the detector response matrix (nr. 36) lead to statistically
unacceptable best-fit reduced X 2 values, both for the fixed and

the free N H power-law fits. Acceptable best-fit X 2 values are
achieved, however, using an earlier version of the detector re-

sponse matrix (hr. 6; August 1992). The older response matrix

may be more appropriate for observations performed before fall

1991 (as is the case for 071 6+714), when a different gain setting

of the PSPC detector was used (Hasinger 1993). Alternatively,

the addition of 4 % systematic errors in our spectral fits will

also reduce the best fit reduced X 2, achieved using response

matrix 36, to acceptable values. While power-law indices de-

termined using the old response matrix tend to be slightly lower

(Aa_ < 0.1), the change in spectral parameters when using
both detector response matrices is within statistical errors for

all sample members. We have used response matrix nr. 6 for all

observations performed before fall 1991 and response matrix
nr. 36 for all later observations.

In the first observation of 1150+812 the fixed N H fit gives
a X 2 which is only marginally acceptable. An improved fit can

be achieved when substantial amounts of excess absorption

(_ 2 x 1021 cm -2) are permitted. The free N H fit performed
on the combined data set (see Table 2) confirms this result.

In the case of 0212+735 an anomalously hard X-my spec-
trum is observed (see also next section on Einstein IPC data

analysis). Note that the ROSAT spectrum can also be fit by

doubling the Galactic absorption given by Stark etal. (1992) and

fixing the power-law index at a more standard value (a_ = 0.4)

for core-dominated quasars.

All our free-N H power-law fits are consistent with the Ga-

lactic value at the 90% confidence level for two interesting

parameters (see Fig. 1). Of the four quasars where free N H
fits could be performed, three (at z = 0.302, 1.25, and 2.17)

show a slight tendency to prefer excess N H, while the fourth

(z = 1.26) fits a slight deficit of N H with respect to the Galac-
tic value. In conjunction with the spectral results on 0212+735,

above, there may bea marginal overall trend towards excess N H
in high-redshift quasars in our sample. Results are inconclusive,

however, and, due to poor statistics, do not provide additional

support to the report by Elvis et al. (1994) that quasars of z > 1

exhibit absorption in excess of the Galactic column density.

Some of the absorbing material in the region of the north
celestial pole is known to be in the form of Galactic molecular

clouds (Polaris flare, Cepheus flare; Grenier et al. 1989, Heit-

hausen and Thaddeus 1990, Heithausen et al. 1993). We have

checked whether significant excess absorption in the soft X-ray

range is to be expected for any of the sample members due to
these clouds. For two of the sources, 0153+744 and 0212+735,

a velocity-integrated CO emission of -,- 2 K km s -1 has been

measured, while for 0016+731 an upper limit of the same order

can be given (Grenier et al. 1989, Liszt and Wilson 1993). This

corresponds to an equivalent H2 column density of 4 - 8 x
1020 cm -2 (Scoville and Sanders 1987), not included in the H I
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Fig. I. Energy index vs. N H error contours for ROSAT targets where more than 400 source counts were observed. 68% and 90% error contours
for two interesting parameters are presented. The two observations of 0836+710 were u'eated separately (dashed contours: second observation).

The horizontal lines mark Galactic NH; shaded regions indicate uncertainties of +1020 atoms cm -2 (Elvis et al. 1986).
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Table 5. ROSAT spectral parameters

target ROR N H 1 keV flux density
number [I O_°cm-2]" _y ,

power-law
energy index"

red. X 2 (dot')

Quasars
Galactic N H

•o.o1_ 000 *l'z_0016+731 700494 22.0 0"043-o.o17 • -o._
0153+744 700138 24.1 005 a'°°l° '_ 35"°_

• "7 --0.012 u. --0.65

0212+735 700139 24.7 0.200_o°"_ a <_,o.39-- x,,.-,'u_0.41

0615+820 700492 5.2 +o_m 10 °+°_0"036-o.007 • "--o.36
0615+820 701060 5.2 n aA.7+o.ozo , 4o*o.4o

v.u__O.O14 i. "--0.49

0836+710 700493 2.9 2.305 ".°d0_s 0 4'_+0'm--, • _--0.04

0836+710 701061 2.9 1.165 .o_6.o45O39 u._y_'.'/n*0.04_0.06

1039+811 700141 3.2 _,.n184"o.o16_o.ot6 1.09 +__°6s._3

1150+812 700496 4.5 0.087+_06.o°_1o 0.55 _°d.z_s
1150+812 701059 4.5 0.087+_°6.o_9 o ,'11+0.19. v._1 --0.29

1928+738 700142 7.4 1052 +0m3 +ore• -o._ 0.80__.m

1.08 (2)
0.29 (2)
1.10(8)
1.01 (3)
2.55 (2)
1.12 (42)

1.16(16)
1.59(13)

2.58 (5)
1.08 (5)
1.12(18)

BL Lacs

0454+844 b 5.6 ,-ooo33 43,o._0.0168_d.0034 1. --0.47
0716+714 700210 3.7 1.269"__0d._ 2.01 *002--0.02

/_ 1A_ *0,017 "7g/÷0.141749+701 = - 4.0 ...... o.o16 1 .... o.14

1803+784 700497 4.3 _-_'_-o.o16t3,_,_a+0.o19 0.97,__o6_2
2007+777 d 700498 8.8 0"181÷°'°Z°-o.o19 0.84 +-°63_o-.
2007+777" 700498 8.8 0.218 ÷.°6°o_3 _ "7_÷°'37- . _"_--0.38

0.69 (4)
1.20 (54)
0.59 (10)
0.91 (14)
0.16 (4)

0.62 (3)

Quasars
N H fitted

0836+710 7004933.5_o.4÷u" 2.370+.o6_8- . 0 •57÷u"-o.11
0836+710 701061 3.6+_o6!6 ..... o.os6 c__.7,o.19

I ./,UO --0.(3_6 _'_ --0.18

1039+811 700141 1.5_62v 0.175 +._°6_r_1 056 ÷041" -0.30

1150+812 z 207 .3s9 +02o0 285"°93• -12.7 0.155-6.2oo • -1.s7
1928+738 700142 1 0.5 +_229o l., ov_o.zs21on*o.z79 1.1 7÷°ZI-o.22

1.01 (41)

1.00(15)
0.99 (12)
0.88 (11)

0.55 (17)
BL Lacs

÷°°_ 1.75".°0%0716+714 700210 3.0_02.2 1.301 -oo31 _
1749+701" 3.1÷1i7.,t r_ 143+0.019 "1 A9*0.62

- _ . '-.,'.l --0,019 • '_ --0.53

1803+784 700497 5 2÷_4 0.235+06.o°_-z5 1 16"°_• --1,3 -- . • --0.34

2007+777 700498 ,n.J<.16.5-_ .o 0-198"-°6'_9- . 0.86 *._°099_

1.96 (53)
0.56 (9)
0.87 (13)
0.55 (11)

m 2
Errors are X,,_i, + 2.3 for fixed N H fits; 2X_i,, + 3.53 for free N H fits.

b Combined fit of RORs 700140 and 701058.
" Results from RASS.
d Dec. 11/12, 1991.

May 17. 1992.
f Combined fit of RORs 700496 and 701059.

column densities determined from 21 cm radio measurements

(Stark et al. 1992) which were used in our fixed N H spectral

fits. The amount of low-energy X-ray absorption (mainly due
to He I) may thus be underestimated by up to 40 % in these

sources. This may be sufficient to change the anomalously hard
X-ray spectral index observed in 0212+735 to be consistent

with a spectral index as expected for core dominated quasars.

None of the other sample members lies in the direction of any
known molecular clouds (Heithausen et al. 1993).

No significant spectral-index variability is found with RO-

SAT between any combination of RASS and pointed observa-

tions for a given target, and no spectral-index variability was

observed within an individual observation. (See previous sec-

tion for comments on flux variability).

Fig. 2 plots the individual ROSAT power-law spectral indi-

ces together with broad-band spectral indices (see section 8).
The plot shows the values of a, which are used in the com-

posite analysis presented later in section 7. A weighted mean

of the power-law indices was taken where multiple ROSAT
observations were available.

4. Einstein Observatory measurements

4.1. Data analysis and results

A number of $5 sample members were previously observed

with the Einstein Observatory IPC (Table 6) in pointed obser-

vations. Biermann et al. (1992) present flux densities, assuming
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Fig. 2. ROSAT energy indices and 1 o errors from fits with fixed

(shaded bars) and free (open bars) N H plotted together with three
broad-band spectral indices a,. (diamonds), aZSOGHz,. (_angles),

and ao_ (squares). See text for details on broad-band spectral indices.

Table 6. Log of Einstein observatory IPC observations

target sequence observation livetime net counts'

number date [ks] 0.1--3.5 keV

Quasars

0016+731 7583 Aug 24,'80 2.05 23 ± 9_

0212+735 7584 Marl3,'80 2.97 197±16

10235 Jan l6,'81 9.06 483 ! 27

1928+738 7589 Apr5,'80 2.27 246 ± 20
BL Lacs

0454+844 7585 Mar 12, '80 1.70 20 + 8b

0716+714 5120 Oct 19, '79/ 2.82 204 -4-17"

Mar 9, '80

1749+701 2720 Jul 22, '79 1.81 88 -4- 11

8846 May 27, '80 0.83 38 4- 7 b

1803+784 5121 Oct 30, '79 2.45 120 5:14

2007+777 5122 Oct 20, '79 3.11 119 4- 16

• From a circle around source cenlroid of radius 3', with background

from an annulus of radii 5' and 6'. Energy band is approximate.

Before vignetting and scattering corrections applied.

Radio position used for centxoid of X-ray emission.

c Position angles 160* - 230* excluded from background to prevent

contamination by probable weak source.

a power-law spectrum of slope ,-, = 0.5 and absorption given
by the Galactic column density of HI. In addition, three of the
sources, 0212 + 735, 0836 + 710, and 1928 + 738, were detected

in the IPC Slew Survey (Elvis et al. 1992). In order to compare
with the ROSAT measurements, we have re-fitted the pointed
data allowing the power-law spectral slope to vary. We extrac-
ted the pulse-height distributions from the Einstein Catalogue
of 1PC event files (as published on CD-ROM in June 1992)
and analyzed them using the Post-Reduction Off-line Software
(PROS; Worrall et al. 1992) in the Image Reduction and Analy-
sis Facility (IRAF) environment. Source counts were extracted

from a circle of radius 3', and the background was taken from
an annulus of radii 5' - 6'.

An exception to our analysis procedure was made for the

source 1928 + 738. The event file for IPC sequence number

7589 has only 13 s of data because a good spacecraft aspect

solution was not available for most of the observation. This

observation was re-processed without correcting for spacecraft

motion. Since the resulting image shows the photons to be well

clustered within the region of the point-source response, we

conclude that the spacecraft was stable during the observation

despite the lack of ability to construct an aspect solution for

most of the time, and our analysis used the re-processed event

file.

Spectral results are given in Table 7. The net counts are

too small (Table 6) to warrant fits where N H is free to vary.
However, for 1928 + 738, where the ROSAT data prefer an
absorption slightly in excess of the Galactic value, we present

an additional fit for an N H more representative of the ROSAT
best-fit value.

4.2. Comparison with ROSAT

The Einstein Observatory IPC spectral parameters are consi-
stent with the ROSAT results to within 90% confidence for

most sample members. Exceptions are listed below:

0212+735 was observed twice with the IPC. On the second

occasion the source exhibited a hard X-ray spectrum, of
similar slope and normalization to that measured with the
ROSAT PSPC. However, nine months earlier the source was

brighter and the spectrum was similar to the average for the
quasar subsample.

0716+714 exhibited a 1 keV flux-density with the IPC which
agrees with that measured in the RASS and which is a
factor of three lower than the pointed ROSAT measurement.
The IPC spectral index is flatter than that measured with
ROSAT. Since no spectral-index variability has been found
with ROSAT (Wagner et al. 1993), and the response of the
IPC is biased towards energies higher than that of the PSPC,
it is possible that this source exhibits spectral curvature,
flattening to higher energy.

1928+738 was brighter when observed with ROSAT (and
EXOSAT, see below) than during the earlier IPC obser-
vation. The spectral index is poorly constrained with the
IPC; the brightening corresponds to a -,, 50% increase in
1 keV flux density, assuming a constant spectral index.

5. EXOSAT measurements

Four objects from the sample (0615+82 l, 1150+812, 1803+784
and 1928+738) were previously observed with EXOSAT. Flux
densities (assuming a power-law spectrum of slope c_ = 0.5
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Table 7. Einstein Observatory IPC speca'al parameters

target sequence N H 1 key flux density power-law red. X z (dof)
number [ 102°ern -2] t_Jy" energy index*

Quasars
Galactic N H

0016+731 7583 22.0 0.11 +°_-o.0s > 0.70 1.01 (7)
0212+735 7584 24.7 0.51 *__°61.22 v._--o,Tna-7,.o4s 1.26 (8)

10235 b 0 oa,-o.t_ c__t:*o._.... o.o6 -v .... 0._ 1.51 (7)
1928+738 7589 c 7.4 v.v.,_0.nna,c*o.n 0 .-"--0.r1'ia'°35 0.90 (8)
BL Lacs

0454+844 e 7585 5.6 0.06"__°8._ > 0.75 1.37 (8)
0716+714 5120 3.7 0.37_*°6._ ,.o3o0.56_o._ 1.58 (8)
1749+701 2720 c 4.0 0.25*_°6_6 1 m*0n2 1.65 (8)

-- • _ "v_ --0,91

8846" 0.21_'°_ 1.452i'._ 1.35 (7)
1803+784 5121 4.3 0.28-_6._ 1.06"_°6_7 1.14 (8)
2007+777 5122 8.8 ,-, -,,:.0.w .ov.,cu-o.07 0.81 -b._ 1.39 (8)

PSPC best-fit N H
÷U.l,_ +u,,qo1928+738 7589 11.5 0.76_0a6 0.70_o.4o 0.59 (7)

• 1 cr errors for 2 interesting parameters (normalization and energy index). X_i, + 2.3.
b Unusually low gain. BAL -,, 12. Spectral index anomalously flat.

' No aspect solution for all but 13 s of data. although image indicates that aspect was relatively stable. Applicable gain known only for 13 s of
stable aspect. Additional uncertainties should be added to the spectral parameters due to uncertainties in the IPC gain.

e May be mis-identification with X-ray brighter source 48" away (see section 3.1).

Source not in center of field. Additional uncertainties should be added to the spectral parameters due to uncertainty in the IPC off-axis _ain.

and absorption given by the Galactic column density) are given
by Biermann et al. (1992). Here, we have fitted the data which

are available from the ESTEC EXOSAT data base using the
XSPEC spectral-fitting program.
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Fig. 3. Joint ROSAT (error bars only) and EXOSAT (full dots) spectral
fit for 1928+738. See text for details.

Only 1928+738, which was observed multiple times, per-

mitted the determination of well-defined spectral parameters.

Power-law fits to the LE and ME data, with N H fixed at the
Galactic value, are listed in Table 8 for each of the four indivi-

dual observations. Results which are in general agreement with

ours have been presented by Ghosh and Soundararajaperumal

(1992). The ROSAT and EXOSAT flux densities agree in the

overlapping region near 2 keV. We have performed a power-
law fit to the joint ROSAT PSPC/EXOSAT ME data using the

longest (Dec. 1983) EXOSAT observation (Fig. 3). The best-fit

parameters (Table 8) are consistent with those for separate fits
to the ROSAT and EXOSAT data.

6. Summary of X-ray variability for sample sources

X-ray variability is observed in four of the sample members:

0212+735, 0716+714, 0836+710, and 1928+738. No signifi-

cant changes in spectral index are found for 0836+710, and

1928+738; for 1928+738 an unbroken power-law may ex-

tend from 0.2 keV to 10 keV. The spectral-slope difference for
0716+714 (between all ROSAT observations and the IPC mea-

surement) may be consistent with curvature rather than requi-
ting a variable spectral index. However, 0212+735 does exhibit

a change in (IPC) spectra/index over nine months; the spec-
trum in the second of the two observations is unusually hard

and agrees with ROSAT measurements 10 years later.
0716+714 is the source with the fastest observed flux varia-

bility. The strength of the source assists in this detection. The

variability is measured within the 20 ks ROSAT pointed obser-

vation, between the RASS and ROSAT pointed observations,

and between the IPC and ROSAT pointed observations,

The X-ray variable sources 07 ! 6+714 and 0836+710 are the

only two sources in our sample for which gamma-ray detections
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Table 8. EXOSAT observations of 1928+738

observation livetime N H 1 keV flux density power-law red. X z (dof)
date ks [102°cm-2]* #Jy" energy index*

LE + ME, N H fixed
Oct 10, '83 12.4 7.4 1 0,_÷on, +u._J.... 0.1_ 0.82_0.1_ 1.01 (31)
Nov 12, '83 12.6 7.4 0.74"__°61j3, 1.00"..°b._o 0.72 (34)
Dec 10, '83 30.4 7.4 1 aa-o.14 0 85 .°"12 0.83 (25)•. t,,..,, --0.13 " --0.12

Jan 10. '84 15.3 7.4 0.80".°61._ .0 _1.32_ik_ 1.50 (25)

Dec I0. '84 30.4
ROSAT PSPC + EXOSAT ME. N H free

+/..Z ÷U.g 44J.|/S9.1-1,_ 1.1_o.2 0.98-o.ls 0,70 (12)

• X2 + 2.3 for fixed N H fits; X2+ 3.53 for free N H fits.

are so far claimed with the EGRET detector on the Compton

Observatory (Michelson et al. 1992; Fichtel et al. 1993).
0.8

7. Mean X-ray spectra 0.6

We have applied a maximum-likelihood method to determine

the mean ((xr.ea.) and width (_rG) of the distribution of power-
lag, spectral indices in our sample from the ROSAT data b 0.4

(Fig. 2), assuming that the underlying population exhibits a
Gaussian distribution (see Worrall 1989 for a description of the

method). We have made the approximation that the measure- 0.2

ment error on the spectral index for each source is normally

distributed (Fig. 1 and Table 5 show that this is a reasonable

assumption for most sources in the sample), and we have used o.o
the average of the upper and lower errors given in Table 5. o.o

In Figures 4 and 5 we present 68 % joint-confidence con-

tours ({-2 In L}rain + 2.3) for am,,m and o'c assuming the
only absorption for each source is represented by its Galactic

column-density of N H. The mean power-law index is different
0 59 +°']7 ) and the BL Lac objectsfor the quasars (a,,_., = . -0a9

(am,,, = 1.36+_°6.2_37).0716+714, due to its large number of

counts (see Table 2), statistically dominates the BL Lac sam- o.8

pie; removing it moves the result for the BL Lac objects to

ct,,,e,,, = 1 17 +0.2] which still differs from the mean for the• -0.27

quasars. Removing 0836+710, which statistically dominates 0.6

the quasars, has a negligible effect on their mean spectral index

which becomes a,,,_, = 0.62*06.237.The removal of these two
dominant sources does not alter the result of a different mean

spectral index for the quasars and BL Lac objects, b 0.4

We have tested whether the mean quasar and BL Lac X-

ray spectral indices change when individual spectral fits allow

the amount of absorption to vary. Although the results are less 0.2

constrained due to the additional free parameter, the mean spec-

tral indices from free N H fits are consistent with the fixed N H

results. Both the fixed and free N H results show that the distri- o.o
butions of power-law indices for the quasars and for the BL Lacs o.o
are inconsistent with a 6 function distribution at the 90 % con-

fidence level. Figures 4 and 5 demonstrate this for the case of

fixed N H-

The spectral indices measured for the five BL Lac objects in

our sample separate into a group of three sources with ax < 1.0

_[mx

(1
rx

,@
• . ! .... ! ,

0.5 . 1.0
<a>

OOX

1.5

Fig. 4. Maximum likelihood contours for quasar subsample (68 %
confidence contours for two parameters of interest). See sections 7 and
8.

i . ,

0.5 2.0

• - i .... i - -

0-c;mx
• . I .... i . .

1.0 1.5
<a>

Fig. 5. Maximum likelihood contours for BL Lac subsample (68 %
confidence contours for two parameters ofimerest). See sections 7 and
8.
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and two sources with ax > 1.7, suggesting that these two

groups may be members of different populations of BL Lac ob-

jects. The two low-redshift sources (z < 0.35) both have hard

spectra while of the two sources with known high redshifts (z 35

> 0.65) one displays a hard and the other a soft spectrum.

0716+714, the sample member for which the softest spectrum
was measured, unfortunately does not have a measured reds- 35"

hilt and therefore cannot be assigned unambiguously to either

redshift group. With the available data it is premature to study 35"
any correlations of the power-law indices with other properties,

such as redshift; a larger sample is needed.

35

8. Broad-band spectra

We have determined the radio to X-ray broad-band spectra 35"
for all targets using the ROSAT data and published radio to UV

data. Table 9 gives flux densities used in our broad-band spec-
tra. Radio and mm fluxes were taken from Ktihr et al. (198 I) and 35;

Steppe et al. (1988, 1992), respectively. The mean was taken
where more than one flux measurement was available. We have

used the optical magnitudes given in V6ron-Cetty and V6ron -_35"
g(1991) and have converted them to luminosity densities folio- .,.

wing Zamorani et al. (1981) and Marshall et al. (1983), and - 2;5,"applying corrections for reddening following Seaton (1979). '"

We calculate isotropic source-frame luminosity densities using

the redshifts given in Table 1 and assuming a Friedmann cos-
O_

moiogical model with H0 = 50 km s- l Mpc- i and qo = 0. We _o

have assumed z = 0.5 for the BL Lac object 0716 + 714 which
has no measured redshift. This value for z is consistent with the

lower-limit suggested for the source (Wagner 1993) and similar 35

to the mean for the other BL Lac objects in our sample.

Fig. 6 shows luminosity densities; data are plotted at source- 35"
frame frequencies u = _ob,/(l + z). The broad-band spectral
indices were calculated by interpolating the curves at 5 GHz,

230 GHz, 2500 A and 2 keV. Since the data poorly define the 35"
spectral slope at 2500 A, slopes of 0.5 for the quasars and 1.0

for the BL Lac objects were assumed.

We present the mean broad-band spectral properties of the 35"
quasars and BL Lac objects as maximum-likelihood confidence
contours of the mean and width of the distribution of the

three broad-band power-law indices arz, am_, ao= (Figs. 4 35"

and 5) and as histograms of the log _,l_, - log u_l_ distribution,

where t, is defined at the frequencies given above (Fig. 7). The

mean broad-band spectral indices of the quasar and BL Lac

samples are listed in Table 10. Note that likely errors due to
the fact that the broad-band flux measurements used are non-

contemporaneous with our X-ray observations are smaller or
comparable in magnitude to the statistical errors of the broad- 6

band indices. For example, 50 % flux variability in any of the

spectral bands leads to an uncertainty of 0.02, 0.03 or 0.06 in the

broad-band spectral indices a,z, ,',,,_, and ao=, respectively.

From a comparison of Figs. 4 and 5, the quasars and BL Lac

objects in the sample do not differ in their mean values of

a,_, a,_ and ao_. This is in contrast to Padovani (1992) who
claims different mean arx values at the 96% confidence level

for a flat radio spectrum quasar sample and a BL Lac sample.

,,,i,,,i,,,l,iil,,, I ,
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Fig. 6. Broad-band spectra. One tick mark on the luminosity scale
represents one order of magnitude. The dashed lines were plotted to
guide the eye and do not represent the true continuum. The luminosity
points are non-contemporaneous and the spectra may be distorted due
to variability. Flux measurements were taken from Ktlhr et al. (1981),

Steppe et al. (1988 and 1992), Impey and Neugebauer (1988) and
V6ron-Cetty and V&on (1991).
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Table 9. Broad-band flux-densities and spectral indices (see text for references)

target

_uasars

b1.4 2.7 5 90 230 GHz rnv a;z a'z "_= ,%
[Jy] 1_ errors

0016+731 1.06 1.50 1.65 1.01 0.73 18.0 0.927 ± 0.021 1.168 ± 0.029 1.674 ± 0.099 0.00 4- 1.34
0153+744 1.82 1.84 1.52 1.39 0.08 16.0 0.896 i 0.013 0.958 ± 0.043 1.832 ± 0.084 0.35 + 0.62
0212+735 2.38 2.37 2.20 1.29 0.69 20.0 0.902 ± 0.009 1.111 4- 0.016 1.210 4- 0.080 -0.56 -4-0.39
0615+820 0.69 1.02 1.00 0.26 0.27 17.5 0.940 ± 0.0011 1.095 4- 0.013 1.605 ± 0.083 1.02 -1-0.37
0836+710 3.90 3.16 2.59 0.62 0.39 16.5 0.7804- 0.006 0.869 4- 0.011 1.074 4-0.077 0.41 4- 0.03
1039+811 0.82 0.89 1.14 0.99 0.57 15.5 0.824 4- 0.007 1.049 4- 0.009 1.439 4- 0.078 1.09 4- 0.12
1150+812 1.40 1.25 1.22 0.87 0.61 18.5 0.893 4- 0.007 1.102 ± 0.009 1.284 4- 0.078 0.47 4- 0.17
1928+738 3.16 3.35 3.34 1.37 0.66 15.5 0.831 4- 0.006 0.953 4- 0.010 1.377 4- 0.077 0.80 ± 0.08

BL Lacs

0454+844 0.77 1.11 1.39 0.22 0.18 16.5 0.997 4- 0.014 1.124 4- 0.020 1.799 4- 0.087 0.87 ± 0.59
0716+714 0.68 0.98 1.12 1.46 1.05 15.5 0.768 4- 0.006 0.983 4- 0.009 1.326 4- 0.077 2.01 4- 0.02
1749+701 1.25 1.57 1.81 0.43 0.32 17.0 0.892 4- 0.008 1.024 4- 0.015 1.415 4- 0.079 1.69 4- 0.13
1803+784 1.87 2.24 2.62 1.59 1.03 17.0 0.885 4- 0.007 1.081 4- 0.008 1.345 4- 0.078 0.97 4- 0.11
2007+777 0.85 0.83 1.26 1.46 0.78 16.7 0.858 4- 0.006 1.079 4- 0.010 1.446 4- 0.075 0.80 4- 0.33

• Broad-band index errors were determined from the published radio and mm 1_ errors. An error of 0.5 was assumed for the visual magnitudes
(see text for details on how magnitudes were converted to luminosity densities).

b Symmetrical 1 o-errors, as required in our ML analysis (see sections 7 through 9). were determined by averaging the + and - errors given in
Table 5.

_UO$OFS

u = 5 GHz

2

1

3 u = 230 GHz

c/v = 5517 _.

-3 -2 -1 0 1 2 3

log u tu - log u tx

BL Loc Obiects

u = 230 GHz

-3 -2 -1 0 1 2 3

log v tu - log vx _x

Fig. 7. Histograms of log ul,, - log u=l= distribution for quasars (left)
and BL Lac objects (right); u taken at u, = 5 GHz, u,,_m = 230 GHz,
and C/Uo = 5517 A(source frame).

The Padovani investigation is based on IPC data for 27 quasars

(.f2.TOrU > 2 Jy) as selected by Padovani and Urry (1992) from a

flux-limited sample of Wall and Peacock (1985), and 28 BL Lac

objects from the Stickel et al. (1991) 1 Jy sample. All of our

BL Lac objects and 3 of our quasars are included. The slightly

higher mean at, (0.89 + 0.02) found by Padovani (1992) for

the quasars is presumably due to the different selection criteria.

Their result for the BL Lacs is slightly lower than our result but

still within statistical agreement.

We have also studied the relationship of the X-ray power-
law indices with ao, on a source by source basis. We find that

in the case of the BL Lac objects, < aoz - a= > is consistent

with 0. The distribution is relatively wide (o- -,- 0.5) implying

that a fraction of the BL Lac objects have X-ray power-law

indices which are either considerably steeper or considerably

flatter than aoz (see Fig. 8). As indicated in the previous sec-

tion, the large dispersion may result from the superposition of
two populations of BL Lac objects with different X-ray charac-
teristics.

In the case of the quasars, the dispersion in t_o_ - a= is

relatively narrow and it is consistent with a 6 function. The

mean is given by < ao_ - az >= 0.6 (Fig. 8).

Table 10. Mean broad-band spectral indices

t*_rx • ¢_mx • _OX • rv¢ •

Quasars 0.88 + 0.02 1.04 4- 0.03 1.41 4- 0.09 0.59_o.19*°'17

BL Lac 0.88 + 0.03 1.06 + 0.02 1.48 + 0.07 1.36+__°6._
objects

• 68 % errors for one parameter of interest.

9. Comparison of X-ray and broad-band spectra with other

samples

We find the mean X-ray spectrum for the quasars to be flatter

than that for the BL Lac objects. This confirms earlier results

by Worrall and Wilkes (1990) from an heterogenous sample of

31 flat radio spectrum quasars and 24 radio selected BL Lacs

observed with the Einstein Observatory IPC.

For quasars, we find a hardening of the ROSAT spectrum
as compared with ao_, again confirming Worrall and Wilkes
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bute to the difference: (1) The luminosity and redshift range

of the quasars differ. (2) The X-ray selected RASS sample fa-

vours soft, low N H objects. Note that the mean Galactic N H
of the radio-selected sample reported here is relatively high
(-,- 1 x 1021 cm-2). In addition, the mean redshift is relatively

high (< z >--, 1.6), implying that any steep soft X-ray com-
ponent will be shifted out of the ROSAT window. Brunner et

al. (1992) find that the high-redshift (1 < z < 3) sub-group

of the RASS quasars fits < a= >= 0.5, consistent with results

presented here.

The mean redshift of the RASS quasars (z ~ 0.7) mat-

ches that of the BL Lac objects in our sample (z ,-, 0.6), and
the mean power-law indices are in reasonable agreement. This

might suggest that redshift is at least as important as object class

in determining the X-ray spectral index in the ROSAT band.

Fig. 8. Distribution of Cto=- ,,= for quasars and BL Lac objects. 10. Synchrotron self-Compton models

(1990). Our result deviates from Worrall and Wilkes (1990)
and from Lawson et al. (1992), who used the IPC and EXO-

SAT, respectively, in that we find that the quasar sample is

inconsistent with a 6 function distribution of power-law indices

when N H is left free to vary. The inconsistency may in part be

driven by the spectra of 0836+71 and 1928+73 being different

from one another; neither source was among those studies by

the other authors. The dispersion we find may also be influenced

by the softer response of ROSAT as compared with the IPC and
EXOSAT.

In the BL Lac sample, our results differ from Worrall and

Wilkes (1990) in that the mean X-ray power-law index is consi-

stent with o,oz, and we see no large difference between the mean

power-law indices determined from the free N H and fixed N H
spectral fits. Since Worrall and Wilkes found the distribution

of <x= to be flatter, on average, than ao_, the two results taken

together may suggest spectral curvature with the spectra flatte-

ning to higher energies. However, the large dispersion that we

find in a, requires the comparison of spectral index between

lower and higher energies to be made on a source by source
basis.

We find that the mean spectral index of the BL Lac ob-

jects in our radio-selected sample agrees with the mean from a

heterogeneous sample of 10 X-ray-bright BL Lac objects ob-

served in the RASS (o_,n_,,,, --, 1.4; Fink et al. 1992). One of

the sources, 1749+701, is in both samples. The Fink et al. sam-
ple comprises both X-ray-selected and radio-selected sources.

Worrall and Wilkes (1990) have reported previously that X-ray

bright radio-selected and X-ray-selected BL Lac objects dis-

play similar mean spectral indices in the Einstein Observatory
IPC energy band.

The mean power-law spectral index of our quasars differs

from that for X-ray bright quasars measured in theRASS (Brun-

ner et al. 1992; Brinkmann et al. 1993). Unlike results presen-

ted here, the RASS flat radio spectrum quasar samples give
1 13 ÷0.2 • 68%a relatively steep spectral index (< c,_ >= . -0.15,

confidence; Brunner et al. 1992). Two factors could contri-

The nonthermal broad band continuum of radio-loud quasars
and BL Lac objects is most often discussed in the context of the

synchrotron self-Compton (SSC) model. Below we present a
short discussion of the broad band and new ROSAT data in the

context of both symmetric and inhomogeneous SSC models.

10.1. Symmetric SSC models

Table 11 gives the transverse velocity,/z, for each source as

measured with VLBI and taken from published work, and the

inferred apparent velocity with respect to the velocity of light,

B, pp for two sets of cosmological parameters. Also given are the

minimum Lorentz gamma, _,=m, and the corresponding angle to

the line of sight, i(_',_i,), and bulk relativistic Doppler factor,
6('r,,_i,), corresponding to 3'=i_.

We have calculated the self-Compton emission at 1 keV

using published radio data and the equations of Marscher

(1983), and have compared it with the measured 1 keV X-ray
emission from the current work to derive a minimum value for

6 (Table 12). The radio core component of highest brightness

temperature from Eckart et al. (1987) has been used, assuming

an optically-thin spectral index of slope 0.7 extending to 1013
eV. For most sources we find 6mm is small, of order of or less

than unity.

Eckart et al. (1986) speculated that for flat-spectrum objects

such as these $5 sources, the radio brightness temperature may

stay constant up to 300 GHz. This would lead to an increase in

/5=i_ by roughly a factor of 3.6, and is the primary explanation

of the larger values given by Schalinski (1990) and Schalinski
et al. (1988; 1992a) who conclude that 6ram "-- 6("r=m) (for

Ho = 100 km s -1 Mpc-l,qo = 0.5) and that i('rmi_) is the

upper limit to the angle of the radio jet to the line of sight.
From Tables 11 and 12, we conclude that since 6mi_ is small

(<< 6[_'mi_]), one or more of the following conditions hold:

1. _f_i_ has been underestimated. This could be true because

either the source sizes, 0, are smaller than the upper limits (a

factor of ,-, 2 - 4 [dependent on Ho] is required for 6ram "

6['r,,m]), or there are higher-frequency radio components of
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Table 11. Minimum Lorentz Gamma from Transverse Velocity Data

source z

Ho= lOOkms-l Mpc-l,qo=0.5 Ho= 5Okms-l Mpc-l,qo=O

tt (mas/yr) ref notes B_pp "Cram i('rmi_) 6('rm_) B,,pp "rm_ i('ym_) 6('ym_)

Quasars

0016 + 731 1.781 0.22 + 0.05 1 8.3 8.4 6.8* 8.4 25 25 2.3* 25

0153+744 2.338 < 0.022 2 < 0.9 < 3.2

0212 + 735 2.367 0.05 + 0.03 3 2.2 2.4 25* 2.4 7.3 7.4 7.8* 7.4

0615 + 820 0.71 < 0.1 1,3,4 < 2.2 < 5.3

0836 + 710 2.17 0.13 --t-0.08 3,5 a 5.4 5.5 10" 5.5 17.6 17.6 3.3* 17.6

1039+811 1.26 < 0.07 1 < 2.2 < 6.0

1150+812 1.25 0.11 4-0.05 3,4 3.5 3.6 16" 3.6 9.4 9.5 6.0* 9.5

1928 + 738 0.302 0.34 -6 0.05 6.7 a 4.0 4.1 14" 4.1 8.6 8.7 6.6* 8.7

BL Lacs

0454 + 844 0.112 0.14 -4-0.04 3,4 0.7 1.2 56* 1.2 1.4 1.7 35* 1.7

0716+714 > 0.3 < 0.2 3.4 b

1749 + 701 0.77 0.26 ± 0.03 1,3 a 6.1 6.2 9.3* 6.2 14.9 14.9 3.8* 14.9

1803+784 0.6797 0.14 + 0.05 8 a 3.0 3.2 18" 3.2 7.2 7.3 7.9* 7.3

2007 + 777 0.342 0.18 -4-0.04 4 2.3 2.5 23' 2.5 5.1 5.2 11 * 5.2

References:

1. Schalinski et al. 1992b

2. Wtiliner, K.H. 1992

3. Schalinski 1990

4. Witzel et al. 1988

5. Hummel et al. 1992b

6. Hummel et al. 1992a

7. Schalinski et al. 1992a

8. Krichbaum et al. 1993

Notes:

a. Jet with components of different speeds. Velocity of inner-most region adopted.

b. Redshift uncertain.

Table 12. Minimum Bulk Relativistic Doppler Factor from X-ray Data and self-Compton Calculation

source z

Radio components"

v,,_ (GHz) Sm (Jy) 0 (mas) S. (ttJy) b 6.un "r(6min,fl.pv) _ i(/_nan,_.pp) _

Quasars

0016+731 1.781 5.0 1.25 <0.5 0.043 2.3 17. 146 13', 2.5*

0153 + 744 2.338 5.0 0.64 < 0.7 0.072 0.7

0212+735 2.367 10.7 1.87 <0.3 0.20 2.6 2.4, 12 23*, 14 °

0615+820 0.71 5.0 0.61 < 0.5 0.036 0.7

0836+710 2.17 5.0 1.4 0.6 1.74 d 1.1 14, 156 20', 6.5*

1039+811 1.26 1.7 0.57 < 1.6 0.19 0.4

1150+812 1.25 1.67 1.09 2.0 0.087 0.6 11, 75 31", 12"

1928+738 0.302 5.0 1.55 < 0.8 1.06 0.3 28, 126 28*, 13"

BL Lacs

0454+844 0.112 5.0 0.8 < 0.5 0.024 0.6 1.5, 2.8 97*, 64*

0716+714 > 0.3 5.0 0.65 < 0.5 1.30 0.3

1749+701 0.77 1.67 0.56 <2.0 0.14 0.2 96, 556 19', 7.7*

1803 + 784 0.6797 5.0 2.04 < 0.5 0.23 1.6 4.0, 17 29*, 15"

2007 +777 0.342 5.0 1.22 < 0.5 0.20 d 0.8 4.4, 17 43", 22*

• Core component of highest brightness temperature taken from Eckart et al. (1987). Assumed optically-thin speca'al slope of 0.7 extends to

1013 eV.

b Observed results from this paper.

' First value is for Ho = 100 km s -1 Mpc -1 , qo = 0.5; second is for Ho = 50 km s -t Mpc -l , qo = 0.

d Average from multiple ROSAT observations. Weak dependence of/_m;, on $z;/_,,,i,_ "-" S_ -°ass.
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comparable brightness temperature (as speculated by Eckart
et al. 1986; see above).

2. The self-Compton component falls below the measured X-

ray emission so that 6 > 6ram.

3. The sources are at large angles to the line of sight (__

i[/f=a_, flovp]) with large Lorentz factors (_ ")'[6mi., _,pp])
4. Calculations using a homogeneous moving sphere are too

simplistic and a model involving plasma flowing in a jet is
required.

We can assess the implications of these conditions. (1) is

plausible but requires further radio data, such as may be obtai-

ned with the VLBA. (2) has implications concerning the inter-

pretation of the X-ray data. It is best supported by the objects

for which a= is similar to aoz (predominantly BL Lac objects)

where there is no evidence for an additional emission compo-
nent which may be of self-Compton origin. (3) is contrary to

expectations from unified models which interpret flat-spectrum

core-dominated sources such as those of the present sample to

be jets at small angles to the line of sight. In a 5 GHz flux-

limited sample such as this we expect a bias towards small

angles to the line of sight and greater boosting of the radio

emission. While (4) may indeed be true to fit the complete ra-

dio spectral and variability data, Ghisellini et al. (1993) show

that only for 6,ph_ > 1.0 is _Sj_> _,ph=_. Interpretations using
such jet models are discussed briefly below and in more detail

in a forthcoming paper.

(dot dashed and triple dot dashed lines) section of the jet are

plotted separately. Note that in the case of 0836+710 only the

inner, conical section of the jet is used to model the data. A full
account of our SSC model fits to the $5 broad-band data will

appear in a forthcoming paper.
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Fig. 9. Synchrotron-self-Compton model fit for 0836+710. The syn-
chrotron and self-Compton components of the inner, paraboloid (dotted
and dashed lines) and outer, conical (dot dashed and triple dot dashed
lines) section of the jet are plotted separately.

10.2. lnhomogeneous SSC models

We have applied the inhomogeneous plasma jet models of

K6nigl (1981) and Ghisellini et al. (1985) to the broad-band

data and find that for many sources we can fit the radio to soft

X-ray data with a synchrotron spectrum alone. For those sour-

ces (all quasars and a fraction of the BL Lac objects) where the

ROSAT spectrum is harder than the optical to X-ray broad-band

spectrum, an additional Compton component is required. In the

Ghisellini et al. model the jet is assumed to have a parabolically

shaped inner section and a conical outer section, as compared
with the KOnigl model where only a conical jet is considered.
Our calculations are a special case of the Ghisellini et al. model

where the power-law indices for the dependence of magnetic

field and electron density with radius are the same in the para-
bolic and the conical sections; this reduces the number of free

parameters from 16 to 14. We demonstrate the difference in

mean X-ray spectra of the quasars and BL Lac objects by pre-

senting a sample spectral fit of the Ghisellini et al. (1985) model

for the brightest quasar 0836+710 (Fig. 9) and the BL Lac ob-

ject 1749+701 (Fig. 10). Note that the steep X-ray spectrum of

1749+701 can be modeled well by the energy-loss dominated

part of the synchrotron emission from the inner, paraboloid,

section of the jet whereas for 0836+710 an additional Compton

component is required. The set of spectral parameters given in
"l'atde 13 is not unique and only represents an example for a

set of plausible jet parameters satisfying the broad-band spec-
tral data. The synchrotron and self-Compton components of the

inner, paraboloid (dotted and dashed lines) and outer, conical

1036

1034

32
10

1030

1026

1026

lO 8

| !

..%. ,

1010 1012 10 TM 1016 1016 1020

,, [.-]

Fig. 10. Synchrotron-self-Compton model fit for 1749+701. (see Fig.
9 for an explanation of the curves)

II. Discussion

In our ROSAT PSPC observations of a complete flux limi-

ted sample of flat-spectrum (core-dominated) radio sources the

mean power-law index of the 5 BL Lac objects is found to be
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Table 13. Synchrotron-self-Compton model parameters

$5 0836+710 $5 1749+701

aLr,c 1-'] 4.5 x 10v 4.5 x l0 T
0.5 0.5

Ro [pc] 3.6 x 10 -5 5.0 x 10 -3
R_ [pc] 1.0 3.0
R2[pc] 1 x 104 1 x 104
O [tad] 0.1 0.03
Bo [G] 15 25
/to [cm -3] 1 × 10 9 4.5 × 10 6

a0 0.65 0.9
ra 0.6 1.0
n 2.1 1.8
"r,,,°_ 1 x 103 9 x 103
e 1.0 1.0

/3 0.96 0.8
6.3 3.0

a, _: geometry parameters for parabolic section
Ro, RI: inner and outer radii of jet (parabolic section)
R1, R2: inner and outer radii of jet (conical section)
®: inclination angle
Bo, g0: B field and electron density at Ro
rn, n: power-law index of radial B and K dependence
w,,_in, "r_,_z: cutoff of electron distribution

e: power-law index for radial "r,n,_zdependence
a0: power-law index of electron energy distribution
,8: v/c of bulk relativistic motion
& bulk relativistic Doppler factor (derived quantity)

considerably steeper (az --- 1.3) than that of the 8 quasars in the

sample (az _ 0.5), confirming earlier results from the Einstein

IPC. The relatively hard mean spectrum of our sample quasars

(which have < z >--- 1.7) is different from themean power-law

index of oz -,- 1.1 found for lower redshift RASS samples of

fiat radio spectrum quasars (which have < z >--- 0.7). This may

be explained by a break in the quasar spectra at low X-ray ener-

gies; the steeper low-energy component would be shifted out of

the ROSAT PSPC response at higher redshifts and would not

be visible with the Einstein IPC due to its higher mean energy
response. A spectral break is also required to connect the hard

X-ray spectrum to the broad-band continuum, indicated by the

broad-band spectral index Cto_.

Although some of the difference in mean spectral index
of our quasar and BL Lac samples may be attributed to the

difference in mean redshifts (BL Lacs: < z >,-- 0.7), the rela-

tively wide distribution of the BL Lac power-law indices does

not appear to be matched by comparison samples of fiat radio

spectrum quasars at a similar mean redshift as observed in the
RASS. If there is indeed a trend of BL Lac X-ray spectral index

with redshift (section 7), it would be in the opposite sense from

that for core-dominated quasars: BL Lacs and quasars appear

to have different X-ray properties.

It is tempting to think of the wide dispersion of the X-ray

spectral indices in our BL Lac sample as being due to the super-
position of two physically distinct classes of objects. Different

classes of BL Lac objects have recently been discussed by se-

veral authors (Kollgaard et al. 1992; Valtaoja et al. 1992; Impey
et al. 1991). However, no obvious correlation between the X-

ray spectral index and other source properties has been found

so far and, clearly, a larger sample is needed to investigate this
further.

In this context, it is also interesting to note that the dis-

tribution of the bulk relativistic Doppler factors/i for BL Lac

objects has been claimed to be wider than the distribution for

core-dominated quasars (Madau et al. 1987 and Ghisellini et al.

1993). In addition to the evidence from the X-ray spectra, this

also suggests that BL Lac objects form a more diverse class of

objects than the core dominated quasars. Unfortunately, due to

its limited size, the sample investigated here does not permit a
study of the shape of the 6 distribution in detail.

The break indicated in the mean quasar X-ray spectrum from

a comparison of our results with those from different samples

observed in the RASS and with the Einstein 19(2, may best
be understood in terms of synchrotron self-Compton models,

where the steep component is energy-loss-dominated synchro-

tron emission and the hard, high-energy component is once-

scattered Compton emission.

Particularly in the case of quasars, steepening of the spec-

trum at low X-ray energies has also been widely discussed in

the framework of thermal emission from an accretion disk (e.g.,
Czerny and Elvis 1987, Maraschi and Molendi 1990, D6rrer et

al. 1992). Although this interpretation is more popular in the

context of radio-quiet quasars, it has also been applied to at

least one radio-loud quasar (3C 273; Turner et al. 1993), and

Wandel and Urry (1991) have proposed an accretion disk model

for BL Lac objects. In the soft X-ray range it may thus be ne-
cessary to disentangle the different contributions of a beamed,

nonthermal broad-band component, most probably due to SSC
emission from a jet, and thermal emission from an accretion
disk.

We note that the brightest source in our sample, the quasar

0836+710, which also displays the hardest X-ray spectrum and

which was found to vary by about a factor of two between our
two ROSAT observations, has only recently been discovered in

X-rays (Einstein slew survey, Eivis et al. 1992). Further study of

this source, also known to be an emitter of 3' rays, particularly
at higher X-ray energies, seems highly desirable.

We are grateful to H. H. Fink for providing the RASS count

rate spectrum of 1749+701, to A. Witzel, S. Wagner, Th. Krich-

baum, R. Wegner and C. Hummel for helpful discussions, and
to C. Lawrence for communication of redshifts in advance of

publication. This research has made use of the NASA/IPAC Ex-

tragalactic Database which is operated by JPL, Caltech, under

contract with NASA. DMW was supported by NASA grants
NAG5-1724 and NAG5-1882.
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